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PHOTOELECTRIC CONVERSION ELEMENT 

CROSS REFERENCE TO RELATED 
APPLICATION 

This application is based upon and claims the benefit of 
priority from both the prior Japanese Patent Application No. 
2011-069149, filed on Mar. 28, 2011, and the prior Japanese 
Patent Application No. 2011-218681, filed on Sep. 30, 2011, 
the entire contents of which are incorporated herein by refer 
CCC. 

FIELD 

Embodiments basically relate to a photoelectric conver 
sion element. 

BACKGROUND 

A general photoelectric conversion element using a semi 
conductor can not sufficiently absorb a Solar spectrum as a 
result of an absorption wavelength band to be determined by 
abandgap of the semiconductor. A Sisingle-crystal Solarcell, 
for example, can only absorb light of 300 to 1100 nm to 
provide power generation efficiency of about 20% or less. 
Accordingly, in order to enhance the power generation effi 
ciency of a general photoelectric conversion element, it is 
necessary to introduce an absorption region into a photoelec 
tric conversion layer to absorb long-wavelength light which 
the photoelectric conversion layer can not absorb intrinsi 
cally. 

In addition, a method to increase carrier excitation has been 
proposed in order to provide an efficient photoelectric con 
version element. The method generates enhanced electric 
fields due to plasmon resonance in a metal nanostructure. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Aspects of this disclosure will become apparent upon read 
ing the following detailed description and upon reference to 
accompanying drawings. 

FIG. 1 is a graph showing a solar spectrum (AM 1.5) of a 
background photoelectric conversion element. 

FIG. 2 is a graph showing spectrum sensitivity character 
istic of a single-crystal Si Solar cell of the background pho 
toelectric conversion element. 

FIG. 3 is a schematic diagram showing a band gap level of 
a photoelectric conversion element according to an embodi 
ment. 

FIG. 4 is a table showing AE and a ratio of thermal excita 
tion at room temperature of the photoelectric conversion ele 
ment in accordance with the embodiment. 

FIG. 5 is a graph showing a Solar spectrum of the photo 
electric conversion element in accordance with the embodi 
ment. 

FIGS. 6A and 6B are schematic diagrams showing a struc 
ture of a background photoelectric conversion element. 

FIGS. 7A and 7B are schematic diagrams showing a struc 
ture of a photoelectric conversion element having a long 
wavelength absorption layer in accordance with the embodi 
ment. 

FIGS. 8A and 8B are schematic diagrams showing a struc 
ture of a photoelectric conversion element having the long 
wavelength absorption layer and a nano-mesh electrode in 
accordance with the embodiment. 
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2 
FIGS. 9A and 9B are schematic diagrams showing move 

ment of free electrons in case that a metal nanostructure is 
irradiated with light. 

FIGS. 10A and 10B are perspective views of a nano-mesh 
electrode and dot metals. 

FIGS. 11A and 11B are schematic diagrams of a metal 
nanoStructure. 

FIG. 12 is a graph showing the relation between an interval 
of a nano-mesh electrode and electric field enhancement. 

FIG. 13 is a graph showing the relation between a radius of 
a dot metal and a spread of a localized electric field. 

FIGS. 14A to 14F are sectional views showing manufac 
turing steps of a photoelectric conversion element in accor 
dance with the embodiment. 

FIGS. 15A to 15E are sectional views showing the manu 
facturing method of the photoelectric conversion element in 
accordance with the embodiment. 

FIGS. 16A to 16D are sectional views showing the manu 
facturing method of the photoelectric conversion element in 
accordance with the embodiment. 

FIGS. 17A to 17F are sectional views showing a manufac 
turing method of a photoelectric conversion element accord 
ing to an example 2. 

FIGS. 18A to 18Eare sectional views showing the manu 
facturing method of the photoelectric conversion element 
according to the example 2. 

FIGS. 19A to 19D are sectional views showing the manu 
facturing method of the photoelectric conversion element 
according to the example 2. 

FIGS. 20A to 20F are sectional views showing a manufac 
turing method of a photoelectric conversion element accord 
ing to an example 3. 

FIGS. 21A to 21E are sectional views showing the manu 
facturing method of the photoelectric conversion element 
according to the example 3. 

FIGS. 22A to 22D are sectional views showing the manu 
facturing method of the photoelectric conversion element 
according to the example 3. 

FIGS. 23A to 23F are sectional views showing a manufac 
turing method of a photoelectric conversion element accord 
ing to an example 4. 

FIGS. 24A to 24E are sectional views showing the manu 
facturing method of the photoelectric conversion element 
according to the example 4. 

FIGS. 25A to 25D are sectional views showing the manu 
facturing method of the photoelectric conversion element 
according to the example 4. 

FIGS. 26A to 26F are sectional views showing a manufac 
turing method of a photoelectric conversion element accord 
ing to an example 5. 

FIGS. 27A to 27E are sectional views showing the manu 
facturing method of the photoelectric conversion element 
according to the example 5. 

FIGS. 28A to 28D are sectional views showing the manu 
facturing method of the photoelectric conversion element 
according to the example 5. 

FIGS. 29A to 29F are sectional views showing a manufac 
turing method of a photoelectric conversion element accord 
ing to an example 6. 

FIGS. 30A to 30E are sectional views showing the manu 
facturing method of the photoelectric conversion element 
according to the example 6. 

FIGS. 31A to 31D are sectional views showing the manu 
facturing method of the photoelectric conversion element 
according to the example 6. 
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FIGS. 32A to 32F are sectional views showing a manufac 
turing method of a photoelectric conversion element accord 
ing to an example 8. 

FIGS. 33A to 33E are sectional views showing the manu 
facturing method of the photoelectric conversion element 
according to the example 8. 

FIGS. 34A to 34D are sectional views showing the manu 
facturing method of the photoelectric conversion element 
according to the example 8. 

FIGS. 35A to 35F are sectional views showing a manufac 
turing method of a photoelectric conversion element accord 
ing to an example 9. 

FIGS. 36A to 36E are sectional views showing the manu 
facturing method of the photoelectric conversion element 
according to the example 9. 

FIGS. 37A to 37D are sectional views showing the manu 
facturing method of the photoelectric conversion element 
according to the example 9. 

FIGS. 38A to 38F are sectional views showing a manufac 
turing method of a photoelectric conversion element accord 
ing to an example 10. 

FIGS. 39A to 39E are sectional views showing the manu 
facturing method of the photoelectric conversion element 
according to the example 10. 

FIGS. 40A to 40D are sectional views showing the manu 
facturing method of the photoelectric conversion element 
according to the example 10. 

FIGS. 41A to 41F are sectional views showing a manufac 
turing method of a photoelectric conversion element accord 
ing to an example 11. 

FIGS. 42A to 42E are sectional views showing the manu 
facturing method of the photoelectric conversion element 
according to the example 11. 

FIGS. 43A to 43D are sectional views showing the manu 
facturing method of the photoelectric conversion element 
according to the example 11. 

FIGS. 44A to 44F are sectional views showing a manufac 
turing method of a photoelectric conversion element accord 
ing to an example 12. 

FIGS. 45A to 45E are sectional views showing the manu 
facturing method of the photoelectric conversion element 
according to the example 12. 

FIGS. 46A to 46D are sectional views showing the manu 
facturing method of the photoelectric conversion element 
according to the example 12. 

DESCRIPTION 

As will be described below, according to an embodiment, a 
photoelectric conversion element includes a photoelectric 
conversion layer to include a first metal layer, a semiconduc 
tor layer, and a second metal layer, all of which are laminated. 
In addition, at least one of the first metal layer and the second 
metal layer is a nano-mesh metal having a plurality of through 
holes or a dot metal having a plurality of metal dots arranged 
separately from each other on the semiconductor layer. The 
photoelectric conversion layer includes a long-wavelength 
absorption layer containing an impurity which is different 
from impurities for p-type doping and n-type doping of the 
semiconductor layer. The long-wavelength absorption layer 
is within a depth of 5 nm from the nano-mesh metal or the dot 
metal. 

Hereinafter, embodiments will be described with reference 
to the drawings. 
A photoelectric conversion element according to an 

embodiment will be described with reference to the drawings. 
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4 
Wherever possible, the same reference numerals or marks 
will be used to denote the same or like portions throughout the 
figures. 
To begin with, a principle of long wavelength absorption 

will be described with reference to FIGS. 1 and 2. The prin 
ciple of long wavelength absorption is due to impurity level in 
a band gap of a photoelectric conversion layer of the photo 
electric conversion element in accordance with the embodi 
ment. FIG. 1 is a graph showing a solar spectrum (AM 1.5, Air 
Mass 1.5 as Solar Spectral Irradiance) of a background pho 
toelectric conversion element. FIG. 2 is a graph showing a 
spectral sensitivity characteristic of a single-crystal Si Solar 
cell in accordance with the background photoelectric conver 
sion element. The horizontal and vertical axes of FIG. 1 
denote a wavelength of the light and a spectral sensitivity 
characteristic, respectively. In addition, the horizontal and 
vertical axes of FIG. 2 denote a wavelength of the light and a 
quantum efficiency, respectively. 
As shown in FIG. 1, the solar spectrum is based on black 

body radiation of the sun. Therefore, radiated light has a 
wide-range wavelength of 300 nm up to 2500 nm, i.e., a long 
wavelength. 
On the other hand, as shown in FIG. 2, the light absorption 

spectrum of single-crystal Si is determined by the bandgap of 
Si, i.e., 1.12 eV. It should be, therefore, noted that light can be 
absorbed only in a narrow range from 300 nm to 1100 nm. For 
this reason, a light absorption current can be generated only 
by a portion of the Sunlight in the background photoelectric 
conversion element. As a result, the background photoelectric 
conversion element has a low power generation efficiency of 
20%. 

Here, it seems generally that a narrow-gap semiconductor, 
e.g., Geis advantageous to use for a photoelectric conversion 
element in a longer wavelength range. However, the narrow 
gap expands a wavelength range of light to be absorbed while 
lowering an open Voltage of the photoelectric conversion 
element, thereby leading to no increase in the power genera 
tion efficiency thereof. Actually, the power generation effi 
ciency decreases as a result of the low open Voltage. 

Accordingly, it is necessary for a photoelectric conversion 
element to absorb light in a long-wavelength range while to 
keep a certain band gap (1 to 2 eV). 

Consequently, the inventors found impurity levels formed 
in a bandgap to absorb light of long wavelength. Specifically, 
light is absorbed by the impurity levels in the band gap to 
generate electrons and holes. If electrons (holes) are ther 
mally exited to a conduction band (a valence band) at room 
temperature, the electrons (holes) can be taken out as a pho 
tOCurrent. 

FIG. 3 is a schematic diagram showing a bad gap level of 
the photoelectric conversion element in accordance with the 
embodiment. 

FIG.3 shows that ifa gap difference AE between an impu 
rity level and a conduction band (valence band) is 0.1 eV. 
electrons (holes) are taken out to the conduction band (va 
lence band) by thermal excitation, thereby allowing it to 
absorb the light. However, an impurity level having Sucha gap 
difference of 0.1 eV is not necessarily to be formed. Alterna 
tively, the impurity level may beformed just to produce a gap 
difference between an impurity level and a conduction band 
(valence band), provided that the gap difference allows elec 
trons (holes) to be excited from the impurity level to the 
conduction band (the Valence band) and to be taken out. 

FIG. 4 is a table showing AE and a thermal excitation ratio 
exp(AE/RT) at room temperature for the photoelectric con 
version element in accordance with the embodiment. 
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As shown in FIG. 4, a small AE increases a ratio of thermal 
excitation exp(AE/RT) from the impurity level to the conduc 
tion band (valence band), thereby allowing it to take out 
electrons (holes) as a photocurrent. On the other hand, a large 
AE decreases the ratio of thermal excitation, thereby making 
it difficult to take out electrons (holes) as a photocurrent. 
Accordingly, it is not preferable that AE is too large, but it is 
preferable that AE is smaller than 0.1 eV. 

In addition, FIG. 5 is a graph showing a Solar spectrum of 
the photoelectric conversion element in accordance with the 
embodiment. 

FIG. 5 shows that a light absorption region extends to a 
long wavelength region by about 100 nm in the Solar spec 
trum, provided that a band gap Eg of Si is 1.12 eV and AE is 
O.1 eV. 

Here, impurities for an impurity level of Si include S, In, 
Se, and S-O. Impurities for an impurity level in a compound 
semiconductor include Be, Cu, Li, Tl, Zn, Cd, O, Zn O. 
However, in Si or in the compound semiconductor, the impu 
rities are not limited only to the above-mentioned Substances. 

In addition, several combinations of dopants (Ga., Al, Mg, 
for example) for electrons and holes allow light to be 
absorbed in a range of the long wavelength not less than the 
band gap. 
A structure of the photoelectric conversion element in 

accordance with the embodiment will be described with ref 
erence to FIGS. 6A to 7B. FIG. 6A is a schematic view 
showing a structure of a background photoelectric conversion 
element. FIG. 6B is a graph showing a relation between a 
wavelength of light and a quantum efficiency of the back 
ground photoelectric conversion element. FIG. 7A is a sche 
matic view showing a structure of a photoelectric conversion 
element having a long-wavelength absorption layer in accor 
dance with the embodiment. FIG. 7B is a graph showing a 
relation between a wavelength of light and a quantum effi 
ciency in the structure of the photoelectric conversion ele 
ment having the long-wavelength absorption layer in accor 
dance with the embodiment. 
As shown in FIG. 6A, an in layer 2 is laminated on a p-type 

Silayer 1, and a front electrode 4 (a first metal layer) is 
provided to the surface of the n' layer 2 in the background 
photoelectric conversion element. In addition, a back elec 
trode 3 is provided to the rear surface of the p-type Silayer 1. 
In the background photoelectric conversion element, when 
external light is incident on the p-type Silayer 1, electrons and 
holes are separated into the conduction band and the Valence 
band in accordance with the levels in the band gap, and are 
taken out as a photocurrent to an external power source Voc. 

FIG. 6B shows that a long wavelength of light decreases a 
quantum efficiency in the background photoelectric conver 
sion element. Accordingly, the long wavelength of light 
decreases the quantum efficiency, thereby making it impos 
sible to take out the photocurrent to the outside. 
As shown in FIG. 7A, in the photoelectric conversion ele 

ment having the long-wavelength absorption layer in accor 
dance with the embodiment, then layer 2 is laminated on the 
p-type Silayer 1, and the front electrode 4 (a first metal layer) 
is provided to then layer 2 in the same way as in FIG. 6A. In 
addition, the back electrode 3 is provided to the rear surface of 
the p-type Silayer 1. Further, a long-wavelength absorption 
layer 5 is provided to the rear surface of the p-type Silayer 1 
so as not to contact with the back electrode 3. The long 
wavelength absorption layer 5 is doped with impurities from 
the rear surface of the p-type Silayer 1. Here, the photoelec 
tric conversion element having the long-wavelength absorp 
tion layer 5 can provide a voltage of 1.12 eV corresponding to 
the band gap. 
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In this case, as shown in FIG. 7B, the photoelectric con 

version element in accordance with the embodiment has the 
long-wavelength absorption layer 5 to absorb longer wave 
length light than that shown in FIG. 6B. Therefore, an addi 
tional absorption region appears in the longer wavelength 
region (denoted by the dashed line in FIG. 7B). 

However, the quantum efficiency of the absorption region 
is Small in the longer wavelength region shown by the dashed 
line of FIG. 7B. This is understood as follows. A doping 
concentration in the long-wavelength absorption layer 5 
ranges at most from 1x10'cm to 1x10 cm. As a result, 
an absorption coefficient of light is large, whereas a light 
absorption amount per unit Volume becomes Small, thereby 
lowering the actual spectral sensitivity. 

Accordingly, a method to increase an absorption amount of 
light per unit volume is needed for the photoelectric conver 
sion element having the long-wavelength absorption layer in 
accordance with the embodiment. 
The inventors have found the following structure of a pho 

toelectric conversion element to assist an absorption amount 
of light. In the structure, an enhanced electric field is gener 
ated by plasmon resonance due to a metal nanostructure (a 
metal layer), thereby increasing carrier excitation. The carrier 
excitation generates the enhanced electric field of several to 
several hundred times a normal electric field within a depth of 
several 10 nm immediately below the metal nanostructure. 
The enhanced electric field assists a light absorption amount 
using the metal nanostructure having Such an enhancing 
effect of electric field. The photoelectric conversion element 
having the aforementioned structure enables a remarkable 
increase in a light absorption amount of the long-wavelength 
absorption layer 5. 

FIG. 8A is a schematic view showing a structure of a 
photoelectric conversion element having the long-wave 
length absorption layer and a nano-mesh electrode in accor 
dance with the embodiment. FIG. 8B is a graph showing a 
relation between a wavelength of light and a quantum effi 
ciency of the photoelectric conversion element having the 
long-wavelength absorption layer and the nano-mesh elec 
trode in accordance with the embodiment. 
As shown in FIG. 8A, in the photoelectric conversion ele 

ment having the long-wavelength absorption layer and the 
nano-mesh electrode in accordance with the embodiment, the 
n" layer 2 is laminated on the p-type Silayer 1, and the front 
electrode 4 (a first metal layer) is provided to the surface of the 
n" layer 2, in the same way as in FIG. 7A. In addition, the back 
electrode 3 is provided to the rear surface of the p-Silayer 1. 
In addition, the long-wavelength absorption layer 5 is pro 
vided to the rear surface of the p-type Silayer 1 so that the 
long-wavelength absorption layer 5 is not in contact with the 
back electrode 3. The long-wavelength absorption layer 5 is 
doped with impurities from the rear surface of the p-type Si 
layer 1. And a nano-mesh electrode 6 is provided between the 
back electrodes 3 so that the nano-mesh electrode 6 is in 
contact with the long-wavelength absorption layer 5. The 
nano-mesh electrode 6 forms a metal microstructure on the 
long-wavelength absorption layer 5. 

Here, as shown in FIG. 8A, the photoelectric conversion 
element of the embodiment has the long-wavelength absorp 
tion layer 5 and the nano-mesh electrode 6 so that the long 
wavelength absorption layer 5 is not in contact with the back 
electrode 3 in the same way as in FIG. 7A, thereby allowing 
it to acquire a Voltage corresponding to the band gap of the 
long-wavelength absorption layer 5. The long-wavelength 
absorption layer 5 also adds an additional absorption region 
on the long wavelength side of FIG. 8B (dashed line in FIG. 
8B). In addition, the long-wavelength absorption layer 5 has 
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the nano-mesh electrode 6 thereon to increase a light absorp 
tion amount as a result of the enhancing effect of electric field. 
The increase in the light absorption amount enhances the 
quantum efficiency, as denoted by the dashed bold line in FIG. 
8B. 

In addition, when the long-wavelength absorption layer 5 
is doped with excessively many impurities (over 1x10° 
cm), the solid state properties (including a band gap) of the 
semiconductor itself, i.e., a base material, may change 
entirely. The excessively many impurities could prevent the 
formation of the long-wavelength absorption region (denoted 
by the dashed line in FIGS. 7B and 8B). 

Further, intensity of the enhanced electric field generated 
by the nano-mesh electrode 6 is several to several hundred 
times the normal intensity thereof. In this case, a low doping 
amount of impurities in the long-wavelength absorption layer 
5 reduces an absorption amount in the long wavelength 
region. Therefore, the absorption amount therein is prefer 
ably about 1x10" cm. 

In addition, it is necessary that the long-wavelength 
absorption layer 5 is provided in the vicinity of the nano-mesh 
electrode 6. This is because the enhanced electric field due to 
the nano-mesh electrode 6 is generated within a depth of 
several 10 nm immediately below the nano-mesh electrode 6 
and the enhanced electric field peaks immediately below the 
nano-mesh electrode 6. Accordingly, the long-wavelength 
absorption layer 5 is arranged preferably within a depth of 5 
nm from the nano-mesh electrode 6 in order for the long 
wavelength absorption layer 5 to benefit from the enhanced 
electric field. 
The range of the electric field enhancement due to the 

nano-mesh electrode 6 is in the range of several 10 nm imme 
diately below the nano-mesh electrode 6 and peaks immedi 
ately below the nano-mesh electrode 6, thereby allowing the 
long-wavelength absorption layer 5 with a thickness of 10 nm 
to benefit from the electric field enhancement. 

In addition, the long-wavelength absorption layer 5 is 
doped with impurities to allow a high concentration of about 
1x10" cm at most at a depth of about 1000 nm from the 
surface thereof. However, the electric field enhancement is in 
the range of several 10 nm immediately below the nano-mesh 
electrode 6. Therefore, 1000 nm is a sufficient thickness for 
the long-wavelength absorption layer 5. 
As described above, the photoelectric conversion element 

shown in FIG. 8A in accordance with the embodiment is 
provided with the long-wavelength absorption layer 5 and the 
nano-mesh electrode 6, thereby providing higher powergen 
eration efficiency thereofthan that of the background photo 
electric conversion element. 

Next, a principle to generate an enhanced electric field with 
plasmon resonance due to a metal nanostructure will be 
described with reference to FIGS. 9A and 9B. FIGS. 9A and 
9B are schematic views showing movement of free electrons 
and generation of a localized electric field, respectively, in a 
case that the metal nanostructure is irradiated with light. 

FIG. 9A shows that a metal nanostructure 10 has a size 
comparable to the wavelength of light 12 or less and is irra 
diated with light 12. It is known that such a fine metal nano 
structure 10 irradiated with light excites a surface plasmon 
therein. When the metal nanostructure 10 is irradiated with 
the light 12, free electrons 11 oscillate perpendicularly to the 
traveling direction of the light 12 in the metal nanostructure 
10. At this time, a dense portion and a sparse portion are 
produced on the upper surface (on the side irradiated with the 
light 12) of the metal nanostructure 10 as a result of the 
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8 
oscillation of free electrons. The dense portion includes free 
electrons densely. The sparse portion includes free electrons 
sparsely. 
As shown in FIG.9B, a localized electric field 15 is excited 

in the vicinity of the metal nanostructure 10 to oscillate par 
allel to the traveling direction of the light 12. The localized 
electric field 15 to be excited at this time has intensity up to 
several hundred times the electric field generated by the light 
12 to enhance the excitation of electron-hole pairs. 

Here, the metal nanostructure including the nano-mesh 
electrode 6 and the dot metals 7 will be described with refer 
ence to FIGS. 10A and 10B. FIG. 10A is a perspective view 
showing the nano-mesh electrode 6. FIG.10B is a perspective 
view showing the dot metals 7. 
A porous film can be used as the metal nanostructure, e.g., 

the nano-mesh metal 6. In the porous film structure, two or 
more openings (through holes) are provided to a continuous 
metal film as shown in FIG. 10A. The openings have sizes 
comparable to the wavelength of incident light. 

Or, in a porous film structure to be used as the metal 
nanostructure, two or more dot metals 7 are formed on a 
p-type Silayer 1 as shown in FIG. 10B. The metal dots have 
a diameter r comparable to the wavelength of incident light 
and are arranged at a regular distance 1. 

Next, an aspect of a strong localized electric field to be 
excited by a metal nanostructure will be described with ref 
erence to FIGS. 11A and 11B. 

FIG. 11A is a schematic view of a metal nanostructure. 
FIG. 11B is a graph showing a simulation of the metal nano 
structure with a Finite Difference Time Domain (FDTD) 
method. 
As shown in FIG. 11A, a structure of Si20/A1 (aluminum) 

21/air 22 is formed, provided that the thickness of the A121 is 
30 nm and openings 23 (through holes) are prepared in the Al 
21. The openings 23 of the A121 have a diameter r of 100 nm 
and a pitch 1 of 200 nm. 

FIG. 11B is a view showing a simulation of an electric field 
intensity by the Finite Difference Time Domain (FDTD) 
method when incident light 24 (A=1000 nm, traveling direc 
tion) is incident on the structure of FIG. 11A. The simulation 
reveals that electric fields are enhanced in the vicinity of end 
portions of the Al 21, thereby generating localized electric 
fields 25. 

In addition, a relation between opening intervals of the 
nano-mesh electrodes 6, i.e., the metal nanostructure, and 
electric filed enhancement will be described with reference to 
FIG. 12. FIG. 12 is a graph showing the relation between the 
opening intervals of the nano-mesh electrodes 6 and electric 
field enhancement. The vertical and horizontal axes denote 
electric field intensity and the opening intervals of the nano 
mesh electrodes 6, respectively. 
As shown in FIG. 12, in a region where the wavelength of 

light is not less than about 1000 nm, the pitch 1 of the openings 
(through holes) 23 may be not more than 1 um in order for the 
end portions of the Al 21 to generate the electric field 
enhancement. When the pitch 1 is converted to an area per 
opening 23, the area may be not more than 0.8 um. In 
addition, the pitch 1 of the openings 23 may be about several 
10 nm from the working accuracy of the pitch 1 of the open 
ings 23. When converted to an area per opening 23, the area 
may be not less than 80 nm. 

In addition, the above-described simulation reveals the 
followings. When the film thickness of the Al 21 is not less 
than 2 nm, the electric field enhancement can be sufficiently 
generated. In addition, when the film thickness of the Al 21 is 
thicker than 200 nm, the electric field enhancement is satu 
rated. 
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Further, a simulation has been performed on the dot metals 
7, i.e., the metal nanostructure, in the same way as on the 
nano-mesh electrode 6. FIG. 13 is a graph showing a relation 
between a radius of the dot metals 7 and an extent of the 
localized electric field. The vertical and horizontal axes 
denote the extent of the localized electric field immediately 
below the dot metals 7 and the radius of the dot metals 7, 
respectively. 
As shown in FIG. 13, the dot metals 7 range from 1 nm to 

1000 nm in radius. When the dot metal 7 is assumed to be a 
sphere, this range corresponds to the dot metals 7 having 
volumes of not less than 4 nm and not more than 0.52 um. 
The dot metals having Such volumes can generate a high 
electric-field enhancing effect. 
The following has been clarified. When the electric field 

enhancement is being generated in the range of 1000 nm or 
more, electric energy moves to an excessively narrow space 
between the dot metals 7, thereby reducing the electric-field 
enhancing effect. 
As shown in FIG. 13, the small-sized dot metals 7 confines 

an extent of the localized electric field to about a half of the 
size thereof. Specifically, the dot metal 7 with a radius of 1 nm 
(4 nm in volume) provides the localized electric field with an 
extent of 1 nm (approximately equal to the radius). However, 
the large-sized dot metal 7 does not necessarily provide the 
localized electric field with a large extent. The dot metal 7 
with a radius larger than a certain length can provide the 
localized electric field just with an extent of 100 nm or less. 
Specifically, the dot metal 7 with a radius of 10 nm or more 
(volume is 4x10 um) provides the localized electric field 
with an extent of about 100 nm or less. 

Accordingly, when a dot metal has a volume of less than 
4x10 um and a distance between two dot metals 7 adjacent 
to each other is 1 nm or more, no energy transfer occurs 
between the two dot metals 7. 
When a dot metal has a volume of more than 4x10 um 

and a distance between two dot metals 7 adjacent to each 
other is 100 nm or more, no energy transfer occurs between 
the two dot metals 7. 

However, when the distance between two dot metals 7 is 
too long, an occupation ratio of the dot metals 7 decreases to 
weaken the electric field enhancement, thereby leading to a 
preferable distance of not more than 1 Lumbetween the two dot 
metals 7 adjacent to each other. 

Next, the behavior of carriers generated from the long 
wavelength absorption layer 5 will be described below. 
As shown in FIG. 7A, the carriers, i.e., electrons generated 

from the long-wavelength absorption layer 5 diffuse through 
the p-type layer (p-type Si Substrate) and are needed to reach 
a depletion layer (not shown) near then layer 2 on the surface 
of the p-type Silayer 1. Therefore, it is necessary that a life 
time of the carriers is very long or the p-type Silayer 1 is made 
to be thin. 

Thinning the p-type Silayer 1 probably causes a reduction 
in quantum efficiency at an absorption wavelength of Si to 
bring about undesirable results. When carriers have intrinsi 
cally a long life time, the carriers, i.e., electrons generated 
diffuse fully through the p-type Silayer 1 and can reach the 
depletion layer near then layer 2 on the surface of the p-type 
Silayer 1. Therefore, such a long life time of the carriers can 
maintain the quantum efficiency. 

In the contrast, some difficulties such as a short lifetime of 
carriers prevents the carriers from diffusing fully through the 
p-type Silayer 1 to reach the depletion layer near then layer 
2 on the Surface of the p-type Silayer 1, thereby causing a risk 
of the reduction in the quantum efficiency. Accordingly, a 
preferable embodiment employs an n-type layer having a 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

10 
polar character opposite to that of the p-type Silayer 1 as the 
long-wavelength absorption layer 5. 

Such a configuration forms a p-n junction to generate a 
built-in potential between the n-type long-wavelength 
absorption layer 5 and the p-type Silayer 1. Minority carriers, 
i.e., holes are generated in the long-wavelength absorption 
layer 5 being an n-type layer. When the holes reach a deple 
tion layer at the p-n junction including the n-type long-wave 
length absorption layer 5 and the p-type Silayer 1, the built-in 
potential sweeps the holes into the p-type Silayer 1 (sub 
strate). 
The long-wavelength absorption layer 5, i.e., the n-type 

layer is as thin as several micrometers or less, thereby allow 
ing holes to reach the back electrode easily. Therefore, it is not 
necessary to thin the substrate or to care the life time of 
carriers. This enables it to efficiently take out photocurrent 
generated in the long-wavelength absorption layer 5. 

Elements including P. Sb, B can be employed to make the 
long-wavelength absorption layer 5 an n-type layer having a 
polar character opposite to that ofan photoelectric conversion 
layer, i.e., the p-type Silayer 1. 
An exemplary manufacturing method of a photoelectric 

conversion element in accordance with the embodiment will 
be described with reference to FIGS. 14A to 16D. FIGS. 14A 
to 16D are sectional views showing manufacturing steps of a 
photoelectric conversion element in accordance with the 
embodiment. 

In addition, in order to form a metal electrode pattern with 
openings of not more than 200 to 300 nm, it is necessary to use 
a latest exposure system and an EB lithography system both 
being used to manufacture semiconductor integrated circuits. 
However, using the leading-edge exposure system and EB 
lithography system does not enable a large area and cost 
reducing. Nanoimprint is one of the promising methods for 
enabling the large area and cost reducing. A producing 
method of a nano-mesh metal (a metal thin film) will be 
described. 
As shown in FIG. 14A, a p-type Sisingle-crystal substrate 

30 having a doping concentration of 1x10" cm was pre 
pared as a substrate, and then a SiO, film 31 having a thick 
ness of 150 nm was formed by thermally oxidizing the surface 
of the p-type Sisingle-crystal substrate 30. 
As shown in FIG. 14B, the SiO film 31 is patterned in a 

lattice shape with a width of 100 um and a 1 mm-pitch using 
a photolithography method. 

Further, as shown in FIG. 14C, S (Sulfur) ions are 
implanted to form a long-wavelength absorption layer 33 
using a SiO, mask 32 as a mask. 
As shown in FIG. 14D, the SiO, mask32 is removed, and 

then activation annealing for implanted S is conducted to 
form the long-wavelength absorption layer 33. The long 
wavelength absorption layer 33 is doped with S within 100 
nm from the Sisurface by a concentration of 1x10'cm. 
As shown in FIG. 14E, P (Phosphorus) ions are implanted 

on the opposite side which has been doped with S. After the 
ion implantation of Pions, activation annealing is conducted, 
thereby providing an in layer 34 with a concentration of 
1x10 cm within 200 nm from the Si surface. 
As shown in FIG. 14F, an Aglayer with a thickness of 30 

nm is formed on the side which has been doped with S using 
a deposition method, thereby providing an Aglayer 35. 

In addition, as shown in FIG. 15A, a resist 36 is formed on 
the Aglayer 35 formed on the rear surface of the p-type Si 
single-crystal substrate 30. 
As shown in FIG. 15B, imprint was conducted as follows. 

A quartz stamper 37 was pressed to the resist 36 with heating 
the p-type Sisingle crystal substrate 30 so that the surface of 
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the quartz stamper 37 having convex shapes was in contact 
with the resist36. The quartz stamper 37 is provided with the 
convex shapes of which size is 200 nm (the shapes are formed 
to have an area of 9 cm). 
As shown in FIG. 15C, after the imprinting, the p-type Si 

single-crystal substrate 30 is cooled and the quartz stamper37 
is Subsequently released. As a result, concave shapes with a 
size of 200 nm are formed on the resist 36. 

In addition, as shown in FIG. 15D, the resist 36 having the 
concave shapes is etched by reactive ion etching (RIE) of 
CF4, thereby exposing the bottom of the resist 36. 
As shown in FIG. 15E, after exposing the bottom of the 

resist 36, the Ag layer 35 is etched by ion milling. After 
etching the Ag layer 35, the resist 36 left thereafter is 
removed, thereby forming a nano-mesh metal 38 (metal thin 
film) having openings (through holes) in the Aglayer 35. 
As shown in FIG.16A, a resist 39 is applied on the nano 

mesh metal 38 (metal thin film) and the p-type Si single 
crystal substrate 30. A portion which is not doped with S, i.e., 
the long-wavelength absorption layer 33, is exposed and 
developed with a photolithography method, thereby forming 
a resist pattern. 
As shown in FIG.16B, the nano-mesh metal 38 (metal thin 

film) is etched by ion milling using the resist pattern as a 
mask, thereby removing the nano-mesh metal 38 (metal thin 
film). Then, the resist left after the etching is removed. Con 
sequently, any portion of the nano-mesh electrode 38 other 
than the portion thereof just on the long-wavelength absorp 
tion layer 33 is removed. 

In addition, as shown in FIG. 16C, a back electrode 40 is 
formed on the portion where the nano-mesh metal 38 (metal 
thin film) has been removed by a liftoff process. 

Finally, as shown in FIG. 16D, a comb electrode 41 (a first 
metal layer) is formed on the n" layer 34, thereby completing 
the photoelectric conversion element. 
As described above, the photoelectric conversion element 

based on a Si single-crystal substrate has been described. In 
addition to the photoelectric conversion element based 
thereon, another photoelectric conversion element can be 
formed on the basis of a polycrystalline Substrate, an amor 
phous Si Substrate, or a compound semiconductor Substrate, 
which has the long-wavelength absorption layer 33 and the 
nano-mesh metal 38 (metal thin film) formed on the long 
wavelength absorption layer 33, using a method similar to the 
above-described method. In addition, material examples of 
the compound semiconductor Substrate include GaAs, CdTe. 
and CIS (chalcopyrite compound semiconductor made from 
CuInSea) systems. 

EXAMPLES 

The photoelectric conversion element in accordance with 
the embodiment will be described in more detail with 
examples. Photoelectric conversion elements are formed with 
a size of 9 cm to be evaluated for their characteristics. In 
addition, in the examples below, a manufacturing method of a 
nano-mesh metal and dot metals is described with respect to 
nanoimprint, but other methods (self-organization, for 
example) also enable to manufacture the nano-mesh metal 
and the dot metals. 
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Outlines of examples 1 to 17 will be listed in TABLE 1. 

TABLE 1 

doping 
material 
for long 
Wawe- photo 
length Structure electric 

P-type absorption material of o conversion 
substrate layer electrode electrode efficiency 

Example 1 single-crystal S Ag nano-mesh 12% 
Si {{COOle 

Example 2 single-crystal S Au nano-mesh 1.8% 
Si {{COOle 

Example 3 single-crystal S, O Cu nano-mesh 2.5% 
Si {{COOle 

Example 4 single-crystal Se Ag nano-mesh 13% 
Si {{COOle 

Example 5 single-crystal In Au nano-mesh 1.5% 
Si {{COOle 

Example 6 single-crystal Mg, Ga Cu nano-mesh 1.5% 
Si {{COOle 

Example 7 single-crystal S Ag nano-mesh 3.6% 
Si (thin) {{COOle 

Example 8 single-crystal S Ag dot metals 11% 
Si 

Example 9 single-crystal Se Au dot metals 1.2% 
Si 

Example single-crystal In Cu dot metals 1.2% 
O Si 
Example poly-crystal S Ag nano-mesh O.S90 
1 Si electrode 
Example poly-crystal S Ag dot metals 9.5% 
2 Si 
Example single-crystal S, P Ag nano-mesh 3.5% 
3 Si electrode 
Example single-crystal S, O, P Cu nano-mesh 1490 
4 Si electrode 
Example single-crystal Mg, Ga., P Cu nano-mesh 13% 
5 Si electrode 
Example single-crystal Se, P Au dot metals 13% 
6 Si 
Example poly-crystal S, P Ag nano-mesh 12% 
7 Si electrode 

Here, the example 14 shows the highest photoelectric con 
version efficiency, i.e., 14%, providing the best result in the 
examples 1 to 17. 

Example 1 

Single-Crystal Si, S. Ag., Nano-Mesh Electrode 

A manufacturing method of a photoelectric conversion 
element in accordance with an example 1 will be described 
with reference to FIGS. 14A to 16D. FIGS. 14A to 16D are 
sectional views showing manufacturing steps of the photo 
electric conversion element in accordance with the embodi 
ment. 

As shown in FIG. 14A, a p-type Sisingle-crystal substrate 
30 was prepared as a substrate having a thickness of 500 um 
and a doping concentration of 1x10 cm. A SiO, film 31 
with a thickness of 150 nm was formed on the p-type Si 
single-crystal substrate 30 by thermal oxidation. 
As shown in FIG. 14B, after a resist (THMR IP3250, 

TOKYO OHKA KOGYO Co., Ltd.) solution was applied on 
the SiO, film 31 at 2000 rpm for 30 sec by spin coating, the 
applied resist was heated on a hot plate at 110°C. for 90 sec 
to evaporate the solvent. The film thickness of the resist was 
him. Then, the resist was patterned in a lattice shape with a 
width of 100 um and an interval of 1 mm with a photolithog 
raphy method using a lattice-shaped mask with a width of 100 
um and an interval of 1 mm. Using the resist as a mask, the 



US 8,993,869 B2 
13 

SiO film 31 was etched for 10 min under conditions of 30 
sccm CF. 10 mTorr pressure, and 100W RF power. After the 
CFRIE, the resist left after the etching was removed with an 
organic solvent, thereby forming a lattice-shaped SiO, mask 
32 with a width of 100 um and an interval of 1 mm. 

Further, as shown in FIG. 14C, using the SiO, mask 32 as 
a mask, Sions were implanted under the condition of 20 keV 
implantation energy and a dose amount of 1x10" cm'. 
As shown in FIG. 14D, after the SiO, mask 32 was 

removed with hydrofluoric acid, activation annealing was 
performed at 1000° C. for 30 min to form the long-wave 
length absorption layer33. In the long-wavelength absorption 
layer 33, a concentration of 1x10'cmi was obtained within 
100 nm from the Si surface. 
As shown in FIG.14E, P was ion implanted on the opposite 

side which has been doped with Sunder conditions of 20 keV 
implantation energy and a dose amount of 5x10'cm'. After 
the ion implantation, activation annealing was performed at 
800° C. for 30 min, thereby providing the n" layer 34 with a 
concentration of 1x10 cm within a depth of 200 nm from 
the Si Surface. 
As shown in FIG. 14F, the Aglayer 35 with a thickness of 

30 nm was formed on the side which had been doped with S 
using an evaporation method. 

In addition, as shown in FIG. 15A, a resist (THMRIP3250, 
TOKYO OHKA KOGYO Co., Ltd.) was diluted with ethyl 
lactate (EL) by 1:2 to provide a resist solution. The solution 
was applied on the Aglayer 35 formed on the rear surface of 
the p-type Sisingle-crystal substrate 30 by spin coating. The 
applied resist was heated on a hot plate at 110°C. for 90 sec 
to evaporate the solvent. 
As shown in FIG. 15B, imprinting was conducted so that a 

quartz stamper 37 was pressed to the resist36 at a pressure of 
10 MPa with heating the p-type Sisingle-crystal substrate 30 
having the resist 36 thereon. The quartz stamper 37 was 
provided with convex shapes of which size, pitch, and height 
were 100 nm, 200 nm, and 150 nm, respectively. When the 
quartz stamper 37 was pressed, the surface thereofhaving the 
convex shapes was in contact with the resist 36. 
As shown in FIG. 15C, after the imprinting, the p-type Si 

single-crystal Substrate 30 was cooled and the quartz stamper 
37 was Subsequently released. As a result, concave shapes 
were formed on the resist 36 to have a size of 100 nm, a pitch 
of 200 nm, and a depth of 100 nm. 
As shown in FIG. 15D, the resist 36 having the concave 

shapes was etched for 30 sec by reactive ion etching (RIE) of 
CF4 under conditions of 30 sccm. CF4, mTorr pressure, and 
100W RF power, thereby exposing the bottom of the resist36 
to expose the Aglayer 35. 
As shown in FIG. 15E, the Aglayer 35 was etched by ion 

milling for 80 sec under conditions of an acceleration Voltage 
of 500V and an ion current of 40 mA to form the nano-mesh 
electrode 38 having the openings (through holes). A pattern 
with an opening size of 100 nm and an opening pitch of 200 
nm was provided to the Aglayer 35 by the ion milling. Here, 
residues of the resist 36 were removed with an organic sol 
Vent. 

As shown in FIG. 16A, after a resist (THMR IP3250, 
TOKYO OHKA KOGYO Co., Ltd.) solution was applied on 
the nano-mesh electrode 38 and the p-type Silayer 30 by spin 
coating at 2000 rpm for 30 sec, the applied resist was heated 
at 110° C. for 90 sec to evaporate the solvent. The film 
thickness of the resist 39 was 1 um. The resist 39 was pat 
terned in a lattice shape with a photolithography method 
using a lattice-shaped mask with a width of 100 um and an 
interval of 1 mm. The lattice shape has a width of 100 um and 
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an interval of 1 mm. The patterning exposed the portion 
without S doping other than the long-wavelength absorption 
layer 33. 

In addition, as shown in FIG. 16B, the nano-mesh metal 
electrode 38 was etched by ion milling using the resist pattern 
as a mask under conditions of an acceleration voltage of 500V 
and an ion current of 40 mA for 80 sec to remove the nano 
mesh metal 38 (metal thin film). Then, residues of the resist 
39 were removed. Consequently, the nano-mesh electrode 38 
was removed except on the long-wavelength absorption layer 
33. 
As shown in FIG.16C, the back electrode 40 was formed 

with a liftoff method on the portion where the nano-mesh 
metal 38 (metal thin film) had been removed. 

Finally, as shown in FIG. 16D, the comb electrode 41 (the 
first metal layer) was formed on then layer 34 with a screen 
printing technique using Ag paste including an epoxy-based 
thermosetting resin, thereby completing the photoelectric 
conversion element having the long-wavelength absorption 
layer 33 and the nano-mesh electrode 38. 
(Characteristic of Solar Cell) 
The photoelectric conversion element manufactured as 

described above was irradiated with a pseudo-sunlight of AM 
1.5 and was evaluated for the photoelectric conversion effi 
ciency at room temperature. As a result, the photoelectric 
conversion efficiency of the Si single-crystal photoelectric 
conversion element having the S-doped long-wavelength 
absorption layer 33 and the nano-mesh electrode 38 showed 
an excellent value of 12%. 
On the other hand, a background-art Sisingle-crystal pho 

toelectric conversion element showed a photoelectric conver 
sion efficiency of 10.0%. The background-art Sisingle-crys 
tal photoelectric conversion element had neither the S-doped 
long-wavelength absorption layer 33 northe nano-mesh elec 
trode 38. 

In addition, when a background-art Si single-crystal pho 
toelectric conversion element was evaluated for the spectral 
sensitivity characteristic, light was absorbed in a range of up 
to about 1100 nm. However, the Sisingle-crystal photoelec 
tric conversion element having the S-doped long-wavelength 
absorption layer 33 and the nano-mesh electrode 38 of the 
example 1 embodiment had a light-absorption spectrum also 
in the range of 1100 nm to 1500 nm, although the absorption 
intensity thereof is not so high. 
The results revealed that the S-doped long-wavelength 

absorption layer 33 and the nano-mesh electrode 38 allowed 
the photoelectric conversion efficiency to increase in a long 
wavelength region of light as a result of the light absorption in 
a long wavelength region of light. 

Example 2 

Single-Crystal Si, S, Au, Nano-Mesh Electrode 

A manufacturing method of a photoelectric conversion 
element in accordance with an example 2 will be described 
with reference to FIGS. 17A to 19D. FIGS. 17A to 19D are 
sectional views showing manufacturing steps of the photo 
electric conversion element in accordance with the example 
2. 
As shown in FIG. 17A, as a substrate was prepared the 

p-type Sisingle-crystal substrate 30 having a thickness of 500 
um and a doping concentration of 1x10" cm. Thermal 
oxidation of the surface of the p-type Sisingle-crystal sub 
strate 30 formed the SiO, film 31 with a thickness of 150 nm. 
As shown in FIG. 17B, after a resist (THMR IP3250, 

TOKYO OHKA KOGYO Co., Ltd.) solution was applied on 
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the SiO film 31 for 30 sec at 2000 rpm by spin coating, the 
applied resist was heated on a hot plate at 110°C. for 90 sec 
to evaporate the solvent. The film thickness of the resist was 
1 um. The resist was patterned in a lattice shape with a 
photolithography method using a lattice-shaped mask with a 
width of 100 um and an interval of 1 mm. The lattice shape 
had a width of 100 um and an interval of 1 mm. Using the 
resist as a mask, the SiO film 31 was etched for 10 minunder 
conditions of 30-sccm CF4, 10 mTorr pressure, and 100W RF 
power. Subsequently, residues of the resist were removed 
with an organic solvent to form a lattice-shaped SiO, mask32 
with a width of 100 um and an interval of 1 mm. 

Furthermore, as shown in FIG. 17C, Sions were implanted 
under conditions of an implantation energy of 20 keV and a 
dose amount of 1x10" cm using the SiO, mask32. 
As shown in FIG. 17D, after the SiO, mask 32 was 

removed with hydrofluoric acid, activation annealing was 
performed at 1000° C. for 30 min to form the long-wave 
length absorption layer33. In the long-wavelength absorption 
layer 33, a concentration of 1x10'cmi was obtained within 
a depth of 100 nm from the Si surface. 
As shown in FIG. 17E, Pions were implanted under con 

ditions of an implantation energy of 20 keV and a dose 
amount of 5x10" cm" on the opposite side which had been 
doped with S. Subsequently to the ion implantation, activa 
tion annealing was performed at 800° C. for 30 min, thereby 
providing then" layer34 with a concentration of 1x10'cm 
within a depth of 200 nm from the Si surface. 
As shown in FIG. 17F, an Aulayer with a thickness of 30 

nm was formed on the side which had been doped with S by 
an evaporation method, thereby forming an Aulayer 50. 

In addition, as shown in FIG. 18A, after a resist solution 
was applied by spin coating for 30 sec at 2000 rpm on the Au 
layer 50 formed on the p-type Sisingle-crystal substrate 30, 
the applied resist was heated on a hot plate at 110°C. for 90 
sec to evaporate the solvent. The resist solution was obtained 
by diluting a resist 36 (THMR IP3250, TOKYO OHKA 
KOGYO Co., Ltd.) with ethyl lactate (EL) by 1:2. The film 
thickness of the resist 36 was 150 nm. 
As shown in FIG. 18B, imprint was conducted as follows. 

A quartz stamper 37 was pressed to the resist 36 at a pressure 
of 10 MPa with heating the p-type Sisingle crystal substrate 
30 at 120° C. so that the surface of the quartz stamper 37 
having convex shapes was in contact with the resist 36. The 
quartz stamper 37 was provided with the convex shapes of 
which pitch, size, and height were 300 nm, 150 nm, and 150 
nm, respectively (the shapes are formed in an area of 9 cm). 

In addition, as shown in FIG. 18C, after the imprinting, the 
p-type Sisingle-crystal substrate 30 was cooled downto room 
temperature and then the quartz stamper 37 was released. The 
imprinting formed concave shapes with a pitch of 300 nm, a 
size of 150 nm and a depth of 100 nm on the resist 36. 
As shown in FIG. 18D, the resist pattern on which concave 

patterns had been formed was etched for 30 sec under condi 
tions of 30 sccm. CF4, 10 mTorr pressure, and 100 W RF 
power. After the CF4 RIE, the bottom of the resist 36 was 
exposed to expose the Aulayer 50. 
As shown in FIG. 18E, the Au layer 50 was etched for 90 

sec by ion milling under conditions of an acceleration Voltage 
of 500V and an ion current of 40 mA to form the nano-mesh 
electrode 38 having openings (through holes). The ion mill 
ing provided a pattern onto the Aulayer 50. The pattern has 
openings (through holes) with a size of 150 nm and a pitch of 
300 nm. In addition, residues of the resist 36 were removed 
with an organic solvent. 
As shown in FIG. 19A, after a solution of the resist 39 

(THMRIP3250, TOKYO OHKA KOGYO Co., Ltd.) was 
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applied on the nano-mesh electrode 38 and the p-type Silayer 
30 for 30 sec at 2000 rpm by spin coating, the applied resist 
was heated at 110°C. for 90 sec to evaporate the solvent. The 
film thickness of the resist 39 was 1 Lum. The resist 39 was 
patterned in a lattice shape with a photolithography method 
using a lattice-shaped mask with a width of 100 um and an 
interval of 1 mm. The lattice shape had a width of 100 um and 
an interval of 1 mm. 
The patterning exposed the portion other than the long 

wavelength absorption layer 33 which had not been doped 
with S. 

In addition, as shown in FIG. 19B, the nano-mesh metal 
electrode 38 was etched for 90 sec by ion milling under 
conditions of an acceleration voltage of 500V and an ion 
current of 40 mA using the resist pattern as a mask to thereby 
remove the nano-mesh electrode 38. Then, residues of the 
resist 39 were removed. Consequently, the nano-mesh elec 
trode 38 except on the long-wavelength absorption layer 33 
was removed. 
As shown in FIG. 19C, the back electrode 40 was formed 

with a liftoff method on the portion without the nano-mesh 
electrode 38. 

Finally, as shown in FIG. 19D, the comb electrode 41 (the 
first metal layer) was formed on then layer 34 with a screen 
printing method using Ag paste including an epoxy-based 
thermosetting resin, thereby completing the Siphotoelectric 
conversion element having the long-wavelength absorption 
layer 33 and the nano-mesh electrode 38. 
(Characteristic of Solar Cell) 
The photoelectric conversion element manufactured as 

described above was irradiated with a pseudo-sunlight of AM 
1.5 and was evaluated for the photoelectric conversion effi 
ciency at room temperature. As a result, the photoelectric 
conversion efficiency of the Si single-crystal photoelectric 
conversion element having the S-doped long-wavelength 
absorption layer 33 and the nano-mesh electrode 38 showed 
an excellent value of 11.8%. 
On the other hands, a background-art Sisingle-crystal pho 

toelectric conversion element showed a photoelectric conver 
sion efficiency of 10.0% without the S-doped long-wave 
length absorption layer 33 or the nano-mesh electrode 38. 

In addition, when a background-art Si single-crystal pho 
toelectric conversion element was evaluated for the spectral 
sensitivity characteristic, light was absorbed in a range of up 
to about 1100 nm. However, the Sisingle-crystal photoelec 
tric conversion element having the S-doped long-wavelength 
absorption layer 33 and the nano-mesh electrode 38 of the 
sample 2 embodiment had a light-absorption spectrum also in 
the range of 1100 nm to 1500 nm, although the absorption 
intensity thereof is not so high. 
The results revealed that the S-doped long-wavelength 

absorption layer 33 and the nano-mesh electrode 38 allowed 
the photoelectric conversion efficiency to increase in a long 
wavelength region of light as a result of the light absorption in 
the long wavelength region of light. 

Example 3 

Single-Crystal Si, S. O. Cu, Nano-Mesh Electrode) 

A manufacturing method of a photoelectric conversion 
element in accordance with an example 3 will be described 
with reference to FIGS. 20A to 22D. FIGS. 20A to 22D are 
sectional views showing manufacturing steps of the photo 
electric conversion element in accordance with the 
example 3. 
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As shown in FIG. 20A, as a substrate was prepared the 
p-type Sisingle-crystal substrate 30 having a thickness of 500 
um and a doping concentration of 1x10' cm. Thermal 
oxidation of the surface of the p-type Sisingle-crystal sub 
strate 30 formed the SiO, film 31 with a thickness of 150 nm. 
As shown in FIG.20B, after a solution of the resist (THMR 

IP3250, TOKYO OHKA KOGYO Co., Ltd.) was applied on 
the SiO film 31 for 30 sec at 2000 rpm by spin coating, the 
applied resist was heated on a hot plate at 110°C. for 90 sec 
to evaporate the solvent. The film thickness of the resist was 
1 um. The resist was patterned in a lattice shape with a 
photolithography method using a lattice-shaped mask with a 
width of 100 um and an interval of 1 mm. The lattice shape 
had a width of 100 um and an interval of 1 mm. Using the 
resist as a mask, the SiO film 31 was etched for 10 minunder 
conditions of 30-sccm CF4, 10 mTorr pressure, and 100W RF 
power. Subsequently, residues of the resist were removed 
with an organic solvent to form a lattice-shaped SiO, mask32 
with a width of 100 um and an interval of 1 mm. 

Furthermore, as shown in FIG. 200, S and O ions were 
simultaneously implanted under conditions of an implanta 
tion energy of 20 keV and a dose amount of 1x10" cm 
using the SiO, mask 32 as a mask. 
As shown in FIG. 20D, after the SiO, mask 32 was 

removed with hydrofluoric acid, activation annealing was 
performed at 1000° C. for 30 min to form the long-wave 
length absorption layer33. In the long-wavelength absorption 
layer 33, a concentration of 1x10'cmi was obtained within 
a depth of 100 nm from the Si surface. 
As shown in FIG. 20E. Pions were implanted under con 

ditions of an implantation energy of 20 keV and a dose 
amount of 5x10" cm on the opposite side which had been 
doped with S and O. Subsequently to the ion implantation, 
activation annealing was performed at 800° C. for 30 min, 
thereby providing the n layer 34 with a concentration of 
1x10 cm within a depth of 200 nm from the Sisurface. 
As shown in FIG. 20F, a Culayer with a thickness of 30 nm 

was formed on the side which had been doped with S by an 
evaporation method, thereby forming a Cu layer 51. 

In addition, as shown in FIG. 21A, after a resist solution 
was applied on the Cu layer 51 formed on the p-type Si 
single-crystal substrate 30 for 30 sec at 2000 rpm by spin 
coating, the applied resist was heated on a hot plate at 110°C. 
for 90 sec to evaporate the solvent. The resist solution was 
obtained by diluting a resist 36 (THMR IP3250, TOKYO 
OHKAKOGYO Co., Ltd.) with ethyllactate (EL) by 1:2. The 
film thickness of the resist 36 was 150 nm. 
As shown in FIG. 21B, imprint was conducted as follows. 

A quartz stamper 37 was pressed to the resist 36 at a pressure 
of 10 MPa with heating the p-type Sisingle crystal substrate 
30 at 120° C. so that the surface of the quartz stamper 37 
having convex shapes was in contact with the resist 36. The 
quartz stamper 37 was provided with the convex shapes of 
which pitch, size, and height were 400 nm, 200 nm, and 150 
nm, respectively (the shapes are formed in an area of 9 cm). 

In addition, as shown in FIG. 21C, after the imprinting, the 
p-type Sisingle-crystal substrate 30 was cooled downto room 
temperature and then the quartz stamper 37 was released. The 
imprinting formed concave shapes with a pitch of 400 nm, a 
size of 150 nm and a depth of 100 nm on the resist 36. 
As shown in FIG. 21D, the resist pattern on which the 

concave patterns had been formed was etched for 30 secunder 
conditions of 30 sccm. CF4, 10 mTorr pressure, and 100 W RF 
power. After the CF4 RIE, the bottom of the resist 36 was 
exposed to expose the Cu layer 51. 
As shown in FIG. 21E, the Cu layer 51 was etched for 90 

sec by ion milling under conditions of an acceleration Voltage 
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of 500V and an ion current of 40 mA to form the nano-mesh 
electrode 38 having openings (through holes). The ion mill 
ing provided a pattern onto the Cu layer 51. The pattern has 
openings (through holes) with a size of 150 nm and a pitch of 
300 nm. In addition, residues of the resist 36 were removed 
with an organic solvent. 
As shown in FIG. 22A, after a solution of the resist 39 

(THMRIP3250, TOKYO OHKA KOGYO Co., Ltd.) was 
applied on the nano-mesh electrode 38 and the p-type Silayer 
30 for 30 sec at 2000 rpm by spin coating, the applied resist 
was heated at 110°C. for 90 sec to evaporate the solvent. The 
film thickness of the resist 39 was 1 Lum. The resist 39 was 
patterned in a lattice shape with a photolithography method 
using a lattice-shaped mask with a width of 100 um and an 
interval of 1 mm. The lattice shape had a width of 100 um and 
an interval of 1 mm. The patterning exposed the portion 
which had not been doped with S. 

In addition, as shown in FIG. 22B, the nano-mesh metal 
electrode 38 was etched for 90 sec by ion milling under 
conditions of an acceleration voltage of 500V and an ion 
current of 40 mA using the resist pattern as a mask, thereby 
removing the nano-mesh electrode 38. Then, residues of the 
resist 39 were removed. Consequently, the nano-mesh elec 
trode 38 except on the long-wavelength absorption layer 33 
was removed. 
As shown in FIG.22C, the back electrode 40 was formed 

with a liftoff method on the portion without the nano-mesh 
electrode 38. 

Finally, as shown in FIG.22D, the comb electrode 41 (the 
first metal layer) was formed on the n" layer 34 with a screen 
printing method using Ag paste including an epoxy-based 
thermosetting resin, thereby completing the Siphotoelectric 
conversion element having the long-wavelength absorption 
layer 33 and the nano-mesh electrode 38. 
(Characteristic of Solar Cell) 
The photoelectric conversion element manufactured as 

described above was irradiated with a pseudo-sunlight of AM 
1.5 and was evaluated for the photoelectric conversion effi 
ciency at room temperature. As a result, the photoelectric 
conversion efficiency of the Si single-crystal photoelectric 
conversion element having the S and O-doped long-wave 
length absorption layer 33 and the nano-mesh electrode 38 
showed an excellent value of 12.5%. 
On the other hand, a background-art Sisingle-crystal pho 

toelectric conversion element showed a photoelectric conver 
sion efficiency of 10.0% without the S and O-doped long 
wavelength absorption layer 33 or the nano-mesh electrode 
38. 

In addition, when a background-art Si single-crystal pho 
toelectric conversion element was evaluated for the spectral 
sensitivity characteristic, light was absorbed in a range of up 
to about 1100 nm. However, the Sisingle-crystal photoelec 
tric conversion element having the S-doped long-wavelength 
absorption layer 33 and the nano-mesh electrode 38 of the 
example 3 embodiment had a light-absorption spectrum also 
in the range of 1100 nm to 1500 nm, although the absorption 
intensity thereof is not so high. S and O can form an S- O 
absorption pair, thereby enhancing the absorption amount 
and the conversion efficiency compared with the single S 
doping. 
The results revealed that the S and O-doped long-wave 

length absorption layer 33 and the nano-mesh electrode 38 
allowed the photoelectric conversion efficiency to increase in 
a long wavelength region of light as a result of the light 
absorption in the long wavelength region of light. 
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Example 4 

Single-Crystal Si, Se, Ag, Nano-Mesh Electrode 

A manufacturing method of a photoelectric conversion 
element in accordance with an example 4 will be described 
with reference to FIGS. 23A to 25D. FIGS. 23A to 25D are 
sectional views showing manufacturing steps of the photo 
electric conversion element in accordance with the example 
4. 
As shown in FIG. 23A, as a substrate was prepared the 

p-type Sisingle-crystal substrate 30 having a thickness of 500 
um and a doping concentration of 1x10' cm. Thermal 
oxidation of the surface of the p-type Sisingle-crystal sub 
strate 30 formed the SiO, film 31 with a thickness of 150 nm. 
As shown in FIG. 23B, after a solution of the resist (THMR 

IP3250, TOKYO OHKA KOGYO Co., Ltd.) was applied on 
the SiO film 31 for 30 sec at 2000 rpm by spin coating, the 
applied resist was heated on a hot plate at 110°C. for 90 sec 
to evaporate the solvent. The film thickness of the resist was 
1 um. The resist was patterned in a lattice shape with a 
photolithography method using a lattice-shaped mask with a 
width of 100 um and an interval of 1 mm. The lattice shape 
had a width of 100 um and an interval of 1 mm. Using the 
resist as a mask, the SiO film 31 was etched for 10 minunder 
conditions of 30-sccm CF4, 10 mTorr pressure, and 100W RF 
power. Subsequently, residues of the resist were removed 
with an organic solvent to form a lattice-shaped SiO, mask32 
with a width of 100 um and an interval of 1 mm. 

Furthermore, as shown in FIG. 23C, using the SiO, mask 
32 as a mask, Se ions were implanted under conditions of an 
implantation energy of 20 keV and a dose amount of 1x10" 
cm using the SiO, mask.32 as a mask. 
As shown in FIG. 23D, after the SiO, mask 32 was 

removed with hydrofluoric acid, activation annealing was 
performed at 1000° C. for 30 min to form the long-wave 
length absorption layer33. In the long-wavelength absorption 
layer 33, a concentration of 1x10'cmi was obtained within 
a depth of 100 nm from the Si surface. 
As shown in FIG. 23E, P was ion implanted under condi 

tions of an implantation energy of 20 keV and a dose amount 
of 5x10" cm’ on the opposite side which had been doped 
with Se. Subsequently to the ion implantation, activation 
annealing was performed at 800° C. for 30 min, thereby 
providing then" layer34 with a concentration of 1x10 cm 
within a depth of 200 nm from the Si surface. 
As shown in FIG. 23F, an Aglayer with a thickness of 30 

nm was formed on the side which had been doped with Se 
with an evaporation method, thereby forming the Aglayer35. 

In addition, as shown in FIG. 24A, after a resist solution 
was applied on the Ag layer 35 formed on the p-type Si 
single-crystal substrate 30 by spin coating for 30 sec at 2000 
rpm, the applied resist was heated at 110° C. for 90 sec on a 
hot plate to evaporate the solvent. The resist solution was 
obtained by diluting a resist 36 (THMR IP3250, TOKYO 
OHKAKOGYO Co., Ltd.) with ethyllactate (EL) by 1:2. The 
film thickness of the resist 36 was 150 nm. 
As shown in FIG. 24B, imprint was conducted as follows. 

A quartz stamper 37 was pressed to the resist 36 at a pressure 
of 10 MPa with heating the p-type Sisingle crystal substrate 
30 at 120° C. so that the surface of the quartz stamper 37 
having convex shapes was in contact with the resist 36. The 
quartz stamper 37 was provided with the convex shapes of 
which pitch, size, and height were 200 nm, 100 nm, and 150 
nm, respectively (the shapes are formed in an area of 9 cm). 

In addition, as shown in FIG.24C, after the imprinting, the 
p-type Sisingle-crystal substrate 30 was cooled downto room 
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temperature and then the quartz stamper 37 was released. The 
imprinting formed concave shapes having a pitch of 400 nm, 
a size of 150 nm, and a depth of 100 nm on the resist 36. 
As shown in FIG. 24D, the resist pattern on which the 

concave patterns had been formed was etched for 30 secunder 
conditions of 30 sccm. CF4, 10 mTorr pressure, and 100 W RF 
power. After the CF4 RIE, the bottom of the resist 36 was 
exposed to expose the Aglayer 35. 
As shown in FIG.24E, the Aglayer 35 was etched for 90 

sec by ion milling under conditions of an acceleration Voltage 
of 500V and an ion current of 40 mA to form the nano-mesh 
electrode 38 having openings (through holes). The ion mill 
ing provided a pattern onto the Aglayer 35. The pattern had 
openings (through holes) with a size of 150 nm and a pitch of 
300 nm. In addition, residues of the resist 36 were removed 
with an organic solvent. 
As shown in FIG. 25A, after a solution of the resist 39 

(THMRIP3250, TOKYO OHKA KOGYO Co., Ltd.) was 
applied on the nano-mesh electrode 38 and the P Silayer 1 
by spin coating for 30 sec at 2000 rpm, the applied resist was 
heated at 110°C. for 90 sec to evaporate the solvent. The film 
thickness of the resist 39 was 1 um. The resist 39 was pat 
terned in a lattice shape with a photolithography method 
using a lattice-shaped mask with a width of 100 um and an 
interval of 1 mm. The lattice shape had a width of 100 um and 
an interval of 1 mm, thereby exposing the portion which had 
not been doped with Se. 

In addition, as shown in FIG. 25B, the nano-mesh metal 
electrode 38 was etched for 90 sec by ion milling under 
conditions of an acceleration voltage of 500V and an ion 
current of 40 mA using the resist pattern as a mask, thereby 
removing the nano-mesh electrode 38. Then, residues of the 
resist 39 were removed. Consequently, the nano-mesh elec 
trode 38 except on the long-wavelength absorption layer 33 
was removed. 
As shown in FIG. 25C, the back electrode 40 was formed 

on the portion without the nano-mesh electrode 38 with a 
liftoff method. 

Finally, as shown in FIG. 25D, the comb electrode 41 (the 
first metal layer) was formed on then layer 34 with a screen 
printing method using Ag paste including an epoxy-based 
thermosetting resin, thereby completing the Siphotoelectric 
conversion element having the long-wavelength absorption 
layer 33 and the nano-mesh electrode 38. 
(Characteristic of Solar Cell) 
The photoelectric conversion element manufactured as 

described above was irradiated with a pseudo-sunlight of AM 
1.5 and was evaluated for the photoelectric conversion effi 
ciency at room temperature. As a result, the photoelectric 
conversion efficiency of the Si single-crystal photoelectric 
conversion element having the Se-doped long-wavelength 
absorption layer 33 and the nano-mesh electrode 38 of the 
example 4 showed an excellent value of 13%. 
On the other hand, a background-art Sisingle-crystal pho 

toelectric conversion element showed a photoelectric conver 
sion efficiency of 10.0% without the Se-doped long-wave 
length absorption layer 33 or the nano-mesh electrode 38. 

In addition, when a background-art Si single-crystal pho 
toelectric conversion element was evaluated for the spectral 
sensitivity characteristic, light was absorbed in a range of up 
to about 1100 nm. However, the Sisingle-crystal photoelec 
tric conversion element having the Se-doped long-wave 
length absorption layer 33 and the nano-mesh electrode 38 
had a light-absorption spectrum also in the range of 1100 nm 
to 1500 nm, although the absorption intensity thereof is not so 
high. 
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The results revealed that the Se-doped long-wavelength 
absorption layer 33 and the nano-mesh electrode 38 allowed 
the photoelectric conversion efficiency to increase in a long 
wavelength region of light as a result of the light absorption in 
the long wavelength region of light. 

Example 5 

Single-Crystal Si, in, Au, Nano-Mesh Electrode 

A manufacturing method of a photoelectric conversion 
element in accordance with an example 5 will be described 
with reference to FIGS. 26A to 28D. FIGS. 26A to 28D are 
sectional views showing manufacturing steps of the photo 
electric conversion element in accordance with the example 
5. 
As shown in FIG. 26A, as a substrate was prepared the 

p-type Sisingle-crystal substrate 30 having a thickness of 500 
um and a doping concentration of 1x10 cm. Thermal 
oxidation of the surface of the p-type Sisingle-crystal sub 
strate 30 formed the SiO, film 31 with a thickness of 150 nm. 
As shown in FIG. 26B, after a solution of the resist (THMR 

IP3250, TOKYO OHKA KOGYO Co., Ltd.) was applied on 
the SiO film 31 by spin coating for 30 sec at 2000 rpm, the 
applied resist was heated on a hot plate at 110°C. for 90 sec 
to evaporate the solvent. The film thickness of the resist was 
1 um. The resist was patterned in a lattice shape with a 
photolithography method using a lattice-shaped mask with a 
width of 100 um and an interval of 1 mm. The lattice shape 
had a width of 100 um and an interval of 1 mm. Using the 
resist as a mask, the SiO film 31 was etched for 10 minunder 
conditions of 30-sccm. CF4, 10 mTorr pressure, and 100WRF 
power. Subsequently, residues of the resist were removed 
with an organic solvent to form a lattice-shaped SiO, mask32 
with a width of 100 um and an interval of 1 mm. 

Furthermore, as shown in FIG. 26C, using the SiO, mask 
32 as a mask. In ions were implanted under conditions of an 
implantation energy of 20 keV and a dose amount of 1x10' 
cm using the SiO, mask 32 as a mask. 
As shown in FIG. 26D, after the SiO, mask 32 was 

removed with hydrofluoric acid, activation annealing was 
performed at 1000° C. for 30 min to form the long-wave 
length absorption layer33. In the long-wavelength absorption 
layer 33, a concentration of 1x10'cmi was obtained within 
a depth of 100 nm from the Si surface. 
As shown in FIG. 26E, Pions were implanted under con 

ditions of an implantation energy of 20 keV and a dose 
amount of 5x10" cm on the opposite side which had been 
doped with In. Subsequently to the ion implantation, activa 
tion annealing was performed at 800° C. for 30 min, thereby 
providing then" layer34 with a concentration of 1x10'cm 
within a depth of 200 nm from the Si surface. 
As shown in FIG. 26F, an Aulayer with a thickness of 30 

nm was formed on the side which had been doped with In with 
an evaporation method, thereby forming the Aulayer 50. 

In addition, as shown in FIG. 27A, after a resist solution 
was applied on the Au layer 50 formed on the p-type Si 
single-crystal substrate 30 by spin coating for 30 sec at 2000 
rpm, the applied resist was heated at 110° C. for 90 sec on a 
hot plate to evaporate the solvent. The resist solution was 
obtained by diluting a resist 36 (THMR IP3250, TOKYO 
OHKAKOGYO Co., Ltd.) with ethyllactate (EL) by 1:2. The 
film thickness of the resist 36 was 150 nm. 
As shown in FIG. 27B, imprint was conducted as follows. 

A quartz stamper 37 was pressed to the resist 36 at a pressure 
of 10 MPa with heating the p-type Sisingle crystal substrate 
30 at 120° C. so that the surface of the quartz stamper 37 

5 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

22 
having convex shapes was in contact with the resist 36. The 
quartz stamper 37 was provided with the convex shapes of 
which pitch, size, and height were 300 nm, 150 nm, and 150 
nm, respectively (the shapes are formed in an area of 9 cm). 

In addition, as shown in FIG.27C, after the imprinting, the 
p-type Sisingle-crystal substrate 30 was cooled downto room 
temperature and then the quartz stamper 37 was released. The 
imprinting formed concave shapes with a pitch of 300 nm, a 
size of 150 nm, and a depth of 150 nm on the resist 36. 
As shown in FIG. 27D, the resist pattern on which the 

concave patterns had been formed was etched for 30 secunder 
conditions of 30 sccm. CF4, 10 mTorr pressure, and 100 W RF 
power. After the CF4 RIE, the bottom of the resist 36 was 
exposed to expose the Aulayer 50. 
As shown in FIG. 27E, the Aulayer 50 was etched for 90 

sec by ion milling under conditions of an acceleration Voltage 
of 500 V and an ion current of 40 mA to form the nano-mesh 
electrode 38 having openings (through holes). The ion mill 
ing provided a pattern onto the Aulayer 50. The pattern has 
openings (through holes) with a size of 150 nm and a pitch of 
300 nm. In addition, residues of the resist 36 were removed 
with an organic solvent. 
As shown in FIG. 28A, after a solution of the resist 39 

(THMRIP3250, TOKYO OHKA KOGYO Co., Ltd.) was 
applied on the nano-mesh electrode 38 and the p-type Silayer 
30 by spin coating for 30 sec at 2000 rpm, the applied resist 
was heated at 110°C. for 90 sec to evaporate the solvent. The 
film thickness of the resist 39 was 1 Lum. The resist 39 was 
patterned in a lattice shape with a photolithography method 
using a lattice-shaped mask with a width of 100 nm and an 
interval of 1 mm. The lattice shape had a width of 100 um and 
an interval of 1 mm. The patterning exposed the portion 
which had not been doped with In. 

In addition, as shown in FIG. 28B, the nano-mesh metal 
electrode 38 was etched for 90 sec by ion milling under 
conditions of an acceleration voltage of 500V and an ion 
current of 40 mA using the resist pattern as a mask, thereby 
removing the nano-mesh electrode 38. Subsequently, resi 
dues of the resist 39 were removed. Consequently, the nano 
mesh electrode 38 except on the long-wavelength absorption 
layer 33 was removed. 
As shown in FIG. 28C, the back electrode 40 was formed 

on the portion without the nano-mesh electrode 38 with a 
liftoff method. 

Finally, as shown in FIG. 28D, the comb electrode 41 (the 
first metal layer) was formed on then layer 34 with a screen 
printing method using Ag paste including an epoxy-based 
thermosetting resin, thereby completing the Siphotoelectric 
conversion element having the long-wavelength absorption 
layer 33 and the nano-mesh electrode 38. 
(Characteristic of Solar Cell) 
The photoelectric conversion element manufactured as 

described above was irradiated with a pseudo-sunlight of AM 
1.5 and was evaluated for the photoelectric conversion effi 
ciency at room temperature. As a result, the photoelectric 
conversion efficiency of the Si single-crystal photoelectric 
conversion element having the Se-doped long-wavelength 
absorption layer 33 and the nano-mesh electrode 38 of the 
example 5 embodiment showed an excellent value of 11.5%. 
On the other hand, a background-art Sisingle-crystal pho 

toelectric conversion element showed a photoelectric conver 
sion efficiency of 10.0% without the In-doped long-wave 
length absorption layer 33 or the nano-mesh electrode 38. 

In addition, when a background-art Si single-crystal pho 
toelectric conversion element was evaluated for the spectral 
sensitivity characteristic, light was absorbed in a range of up 
to about 1100 nm. However, the Sisingle-crystal photoelec 
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tric conversion element having the In-doped long-wavelength 
absorption layer 33 and the nano-mesh electrode 38 had a 
light-absorption spectrum also in the range of 1100 nm to 
1500 nm, although the absorption intensity thereof is not so 
high. 

The results revealed that the In-doped long-wavelength 
absorption layer 33 and the nano-mesh electrode 38 allowed 
the photoelectric conversion efficiency to increase in a long 
wavelength region of light as a result of the light absorption in 
the long wavelength region of light. 

Example 6 

Single-Crystal Si, in, Au, Nano-Mesh Electrode 

A manufacturing method of a photoelectric conversion 
element in accordance with an example 6 will be described 
with reference to FIGS. 29A to 31 D. FIGS. 29A to 31D are 
sectional views showing manufacturing steps of the photo 
electric conversion element in accordance with the example 
6. 
As shown in FIG. 29A, as a substrate was prepared the 

p-type Sisingle-crystal substrate 30 having a thickness of 500 
um and a doping concentration of 1x10' cm. Thermal 
oxidation of the surface of the p-type Sisingle-crystal sub 
strate 30 formed the SiO, film 31 with a thickness of 150 nm. 
As shown in FIG.29B, after a solution of the resist (THMR 

IP3250, TOKYO OHKA KOGYO Co., Ltd.) was applied on 
the SiO film 31 by spin coating for 30 sec at 2000 rpm, the 
applied resist was heated on a hot plate at 110°C. for 90 sec 
to evaporate the solvent. The film thickness of the resist was 
1 Lum. The resist was patterned in a lattice shape with a 
photolithography method using a lattice-shaped mask with a 
width of 100 um and an interval of 1 mm. The lattice shape 
had a width of 100 um and an interval of 1 mm. Using the 
resist as a mask, the SiO film 31 was etched for 10 minunder 
conditions of 30-sccm CF4, 10 mTorr pressure, and 100W RF 
power. Subsequently, residues of the resist were removed 
with an organic solvent to form a lattice-shaped SiO, mask32 
with a width of 100 um and an interval of 1 mm. 

Furthermore, as shown in FIG. 29C, Mg ions and Gaions 
were simultaneously implanted under conditions of an 
implantation energy of 20 keV and a dose amount of 1x10' 
cm using the SiO, mask 32 as a mask. 
As shown in FIG. 29D, after the SiO, mask 32 was 

removed with hydrofluoric acid, activation annealing was 
performed at 1000° C. for 30 min to form the long-wave 
length absorption layer33. In the long-wavelength absorption 
layer 33, a concentration of 1x10'cmi was obtained within 
a depth of 100 nm from the Si surface. 
As shown in FIG. 29E. Pions were implanted under con 

ditions of an implantation energy of 20 keV and a dose 
amount of 5x10" cm on the opposite side which had been 
doped with Mg and Ga. Subsequently to the ion implantation, 
activation annealing was performed at 800° C. for 30 min, 
thereby providing the n layer 34 with a concentration of 
1x10 cm within a depth of 200 nm from the Sisurface. 
As shown in FIG. 29F, a Culayer with a thickness of 30 nm 

was formed on the side which had been doped with Mg and 
Ga with an evaporation method, thereby forming the Cu layer 
51. 

In addition, as shown in FIG. 30A, after a resist solution 
was applied on the Cu layer 51 formed on the p-type Si 
single-crystal substrate 30 for 30 sec at 2000 rpm by spin 
coating, the applied resist was heated at 110°C. for 90 sec on 
a hot plate to evaporate the solvent. The resist solution was 
obtained by diluting a resist 36 (THMR IP3250, TOKYO 
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OHKAKOGYO Co., Ltd.) with ethyllactate (EL) by 1:2. The 
film thickness of the resist 36 was 150 nm. 
As shown in FIG. 30B, imprint was conducted as follows. 

A quartz stamper 37 was pressed to the resist 36 at a pressure 
of 10 MPa with heating the p-type Sisingle crystal substrate 
30 at 120° C. so that the surface of the quartz stamper 37 
having convex shapes was in contact with the resist 36. The 
quartz stamper 37 was provided with the convex shapes of 
which pitch, size, and height were 300 nm, 150 nm, and 150 
nm, respectively (the shapes are formed in an area of 9 cm). 

In addition, as shown in FIG.30C, after the imprinting, the 
p-type Sisingle-crystal substrate 30 was cooled downto room 
temperature and then the quartz stamper 37 was released. The 
imprinting formed concave shapes with a pitch of 400 nm, a 
size of 200 nm, and a depth of 100 nm on the resist 36. 
As shown in FIG. 30D, the resist pattern on which the 

concave patterns had been formed was etched for 30 secunder 
conditions of 30 sccm. CF4, 10 mTorr pressure, and 100 W RF 
power. After the CF4 RIE, the bottom of the resist 36 was 
exposed to expose the Cu layer 51. 
As shown in FIG.30E, the Cu layer 51 was etched for 90 

sec by ion milling under conditions of an acceleration Voltage 
of 500 V and an ion current of 40 mA to form the nano-mesh 
electrode 38 having openings (through holes). The ion mill 
ing provided a pattern onto the Cu layer 51. The pattern has 
openings (through holes) with a size of 200 nm and a pitch of 
400 nm. In addition, residues of the resist 36 were removed 
with an organic solvent. 
As shown in FIG. 31A, after a solution of the resist 39 

(THMRIP3250, TOKYO OHKA KOGYO Co., Ltd.) was 
applied on the nano-mesh electrode 38 and the p-type Silayer 
30 by spin coating for 30 sec at 2000 rpm, the applied resist 
was heated at 110°C. for 90 sec to evaporate the solvent. The 
film thickness of the resist 39 was 1 Lum. The resist 39 was 
patterned in a lattice shape with a photolithography method 
using a lattice-shaped mask with a width of 100 um and an 
interval of 1 mm. The lattice shape had a width of 100 um and 
an interval of 1 mm. The patterning exposed the portion 
which had not been doped with Mg and Ga. 

In addition, as shown in FIG. 31B, the nano-mesh metal 
electrode 38 was etched for 90 sec by ion milling under 
conditions of an acceleration voltage of 500V and an ion 
current of 40 mA using the resist pattern as a mask, thereby 
removing the nano-mesh electrode 38. Then, residues of the 
resist 39 were removed. Consequently, the nano-mesh elec 
trode 38 except on the long-wavelength absorption layer 33 
was removed. 
As shown in FIG. 31C, the back electrode 40 was formed 

on the portion without the nano-mesh electrode 38 using a 
liftoff method. 

Finally, as shown in FIG. 31D, the comb electrode 41 (the 
first metal layer) was formed on then layer 34 with a screen 
printing method using Ag paste including an epoxy-based 
thermosetting resin, thereby completing the Siphotoelectric 
conversion element having the long-wavelength absorption 
layer 33 and the nano-mesh electrode 38. 
(Characteristic of Solar Cell) 
The photoelectric conversion element manufactured as 

described above was irradiated with a pseudo-sunlight of AM 
1.5 and was evaluated for the photoelectric conversion effi 
ciency at room temperature. As a result, the photoelectric 
conversion efficiency of the Si single-crystal photoelectric 
conversion element having the Mg and Ga-doped long-wave 
length absorption layer 33 of the example 6 embodiment and 
the nano-mesh electrode 38 showed an excellent value of 
11.5%. 
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On the other hands, a background-art Sisingle-crystal pho 
toelectric conversion element showed a photoelectric conver 
sion efficiency of 10.0% without the Mg and Ga-doped long 
wavelength absorption layer 33 or the nano-mesh electrode 
38. 

In addition, when a background-art Si single-crystal pho 
toelectric conversion element was evaluated for the spectral 
sensitivity characteristic, light was absorbed in a range of up 
to about 1100 nm. However, the Sisingle-crystal photoelec 
tric conversion element having the Mg and Ga-doped long 
wavelength absorption layer 33 and the nano-mesh electrode 
38 had a light-absorption spectrum also in the range of 1100 
nm to 1400 nm, although the absorption intensity thereof is 
not so high. 
The results revealed that the Mg, and Ga-doped long-wave 

length absorption layer 33 and the nano-mesh electrode 38 
allowed the photoelectric conversion efficiency to increase in 
a long wavelength region of light as a result of the light 
absorption in the long wavelength region of light. 

In addition, Mg has a level on the side of the conduction 
band and Ga has a level on the side of valence band. An 
absorption band of light was generated in a long wavelength 
region of light by the absorption between the two levels. As 
described above, the absorption band of light was little gen 
erated in a long wavelength region of light by one impurity 
level. Using two or more impurity levels allows light absorp 
tion in Such a long wavelength region of light. 

Example 7 

Thin Single-Crystal Si, S. Ag., Nano-Mesh Electrode 

A manufacturing method of a photoelectric conversion 
element in accordance with an example 7 will be described 
also with reference to FIGS. 14A to 16D. FIGS. 14A to 16D 
are sectional views showing manufacturing steps of the pho 
toelectric conversion elementinaccordance with the example 
7. 
As shown in FIG. 14A, as a substrate was prepared the 

p-type Sisingle-crystal substrate 30 having a thickness of 100 
um and a doping concentration of 1x10' cm. Thermal 
oxidation of the surface of the p-type Sisingle-crystal sub 
strate 30 formed the SiO, film 31 with a thickness of 150 nm. 
As shown in FIG. 14B, after a solution of the resist (THMR 

IP3250, TOKYO OHKA KOGYO Co., Ltd.) was applied on 
the SiO film 31 for 30 sec at 2000 rpm by spin coating, the 
applied resist was heated on a hot plate at 110°C. for 90 sec 
to evaporate the solvent. The film thickness of the resist was 
1 um. The resist was patterned in a lattice shape with a 
photolithography method using a lattice-shaped mask with a 
width of 100 um and an interval of 1 mm. The lattice shape 
had a width of 100 um and an interval of 1 mm. Using the 
resist as a mask, the SiO film 31 was etched for 10 minunder 
conditions of 30-sccm CF4, 10 mTorr pressure, and 100W RF 
power. Subsequently, residues of the resist were removed 
with an organic solvent to form a lattice-shaped SiO, mask32 
with a width of 100 um and an interval of 1 mm. 

Furthermore, as shown in FIG. 14C, Sions were implanted 
under conditions of an implantation energy of 20 keV and a 
dose amount of 1x10" cm using the SiO, mask 32 as a 
mask. 
As shown in FIG. 14D, after the SiO, mask 32 was 

removed with hydrofluoric acid, activation annealing was 
performed at 1000° C. for 30 min to form the long-wave 
length absorption layer33. In the long-wavelength absorption 
layer 33, a concentration of 1x10'cmi was obtained within 
a depth of 100 nm from the Si surface. 
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As shown in FIG. 14E, P ions were implanted under con 

ditions of an implantation energy of 20 keV and a dose 
amount of 5x10" cm on the opposite side which had been 
doped with S. Subsequently to the ion implantation, activa 
tion annealing was performed at 800° C. for 30 min, thereby 
providing then layer34 with a concentration of 1x10'cm 
within a depth of 200 nm from the Si surface. 
As shown in FIG. 14F, an Aglayer with a thickness of 30 

nm was formed with an evaporation method on the side which 
had been doped with Mg and Ga, thereby forming the Ag 
layer 35. 

In addition, as shown in FIG. 15A, after a resist solution 
was applied on the Ag layer 35 formed on the p-type Si 
single-crystal substrate 30 by spin coating for 30 sec at 2000 
rpm, the applied resist was heated at 110° C. for 90 sec on a 
hot plate to evaporate the solvent. The resist solution was 
obtained by diluting a resist 36 (THMR IP3250, TOKYO 
OHKAKOGYO Co., Ltd.) with ethyllactate (EL) by 1:2. The 
film thickness of the resist 36 was 150 nm. 
As shown in FIG. 15B, imprint was conducted as follows. 

A quartz stamper 37 was pressed to the resist 36 at a pressure 
of 10 MPa with heating the p-type Sisingle crystal substrate 
30 at 120° C. so that the surface of the quartz stamper 37 
having convex shapes was in contact with the resist 36. The 
quartz stamper 37 was provided with the convex shapes of 
which pitch, size, and height were 300 nm, 150 nm, and 150 
nm, respectively (the shapes are formed in an area of 9 cm). 

In addition, as shown in FIG.15C, after the imprinting, the 
p-type Sisingle-crystal substrate 30 was cooled downto room 
temperature and then the quartz stamper 37 was released. The 
imprinting formed concave shapes with a pitch of 400 nm, a 
size of 200 nm and a depth of 100 nm on the resist 36. 
As shown in FIG. 15D, the resist pattern on which the 

concave patterns had been formed was etched for 30 secunder 
conditions of 30 sccm. CF4, 10 mTorr pressure, and 100 W RF 
power. After the CF4 RIE, the bottom of the resist 36 was 
exposed to expose the Aglayer 35. 
As shown in FIG. 15E, the Aglayer 35 was etched for 90 

sec by ion milling under conditions of an acceleration Voltage 
of 500 V and an ion current of 40 mA to form the nano-mesh 
electrode 38 having openings (through holes). The ion mill 
ing provided a pattern onto the Aglayer 35. The pattern has 
openings (through holes) with a size of 200 nm and a pitch of 
400 nm. In addition, residues of the resist 36 were removed 
with an organic solvent. 
As shown in FIG. 16A, after a solution of the resist 39 

(THMRIP3250, TOKYO OHKA KOGYO Co., Ltd.) was 
applied on the nano-mesh electrode 38 and the p-type Silayer 
30 by spin coating for 30 sec at 2000 rpm, the applied resist 
was heated at 110°C. for 90 sec to evaporate the solvent. The 
film thickness of the resist 39 was him. The resist 39 was 
patterned in a lattice shape with a photolithography method 
using a lattice-shaped mask with a width of 100 um and an 
interval of 1 mm. The lattice shape had a width of 100 um and 
an interval of 1 mm. The patterning exposed the portion 
which had not been doped with S. 

In addition, as shown in FIG. 16B, the nano-mesh metal 
electrode 38 was etched for 80 sec by ion milling under 
conditions of an acceleration voltage of 500V and an ion 
current of 40 mA using the resist pattern as a mask, thereby 
removing the nano-mesh electrode 38. Subsequently, resi 
dues of the resist 39 were removed. Consequently, the nano 
mesh electrode 38 except on the long-wavelength absorption 
layer 33 was removed. 
As shown in FIG.16C, the back electrode 40 was formed 

on the portion without the nano-mesh electrode 38 using a 
liftoff method. 
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Finally, as shown in FIG. 16D, the comb electrode 41 (the 
first metal layer) was formed on then layer 34 with a screen 
printing method using Ag paste including an epoxy-based 
thermosetting resin, thereby completing the Siphotoelectric 
conversion element having the long-wavelength absorption 
layer 33 and the nano-mesh electrode 38. 
(Characteristic of the Solar Cell) 
The photoelectric conversion element manufactured as 

described above was irradiated with a pseudo-sunlight of AM 
1.5 and was evaluated for the photoelectric conversion effi 
ciency at room temperature. As a result, the photoelectric 
conversion efficiency of the Si single-crystal photoelectric 
conversion element having the Mg and Ga-doped long-wave 
length absorption layer 33 of the example 7 embodiment and 
the nano-mesh electrode 38 showed an excellent value of 
13.6%. 
On the other hand, a background-art Sisingle-crystal pho 

toelectric conversion element showed a photoelectric conver 
sion efficiency of 10.0% without the S-doped long-wave 
length absorption layer 33 or the nano-mesh electrode 38. 

In addition, when a background-art Si single-crystal pho 
toelectric conversion element was evaluated for the spectral 
sensitivity characteristic, light was absorbed in a range of up 
to about 1100 nm. However, the Sisingle-crystal photoelec 
tric conversion element having the Mg and Ga-doped long 
wavelength absorption layer 33 and the nano-mesh electrode 
38 had a light-absorption spectrum also in the range of 1100 
nm to 1500 nm, although the absorption intensity thereof is 
not so high. 
The results revealed that the S-doped long-wavelength 

absorption layer 33 and the nano-mesh electrode 38 allowed 
the photoelectric conversion efficiency to increase in a long 
wavelength region of light as a result of the light absorption in 
the long wavelength region of light. 

In addition, the example 7 is different from the example 1 
in the thickness of the Si substrate. Thinning the Si substrate 
increases a ratio of the carriers generated in the S-doped 
long-wavelength absorption layer 33 to reach a depletion 
layer, thereby enhancing the photoelectric conversion effi 
ciency. It should be, therefore, noted that thinning the Si 
substrate is also effective to enhance the photoelectric con 
version efficiency. 

Example 8 

Single-Crystal Si, S. Ag., Nano-Mesh Electrode 

A manufacturing method of a photoelectric conversion 
element in accordance with an example 8 will be described 
with reference to FIGS. 32A to 34D. FIGS. 32A to 34D are 
sectional views showing manufacturing steps of the photo 
electric conversion element in accordance with the example 
8. 
As shown in FIG. 32A, as a substrate was prepared the 

p-type Sisingle-crystal substrate 30 having a thickness of 500 
um and a doping concentration of 1x10 cm. Thermal 
oxidation of the surface of the p-type Sisingle-crystal sub 
strate 30 formed the SiO, film 31 with a thickness of 150 nm. 
As shown in FIG.32B, after a solution of the resist (THMR 

IP3250, TOKYO OHKA KOGYO Co., Ltd.) was applied on 
the SiO, film 31 for 30 sec at 2000 rpm by spin coating, the 
applied resist was heated on a hot plate at 110°C. for 90 sec 
to evaporate the solvent. The film thickness of the resist was 
1 um. The resist was patterned in a lattice shape with a 
photolithography method using a lattice-shaped mask with a 
width of 100 um and an interval of 1 mm. The lattice shape 
had a width of 100 um and an interval of 1 mm. Using the 
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resist as a mask, the SiO film 31 was etched for 10 minunder 
conditions of 30-sccm CF4, 10 mTorr pressure, and 100W RF 
power. Subsequently to the CF4 RIE, residues of the resist 
were removed with an organic solvent to form a lattice 
shaped SiO, mask 32 with a width of 100 um and an interval 
of 1 mm. 

Furthermore, as shown in FIG.32C, Sions were implanted 
under conditions of an implantation energy of 20 keV and a 
dose amount of 1x10" cm' using the SiO, mask 32 as a 
mask. 
As shown in FIG. 32D, after the SiO, mask 32 was 

removed with hydrofluoric acid, activation annealing was 
performed at 1000° C. for 30 min to form the long-wave 
length absorption layer 33. In the long-wavelength absorption 
layer 33, a concentration of 1x10'cmi was obtained within 
a depth of 100 nm from the Si surface. 
As shown in FIG. 32E, P ions were implanted under con 

ditions of an implantation energy of 20 keV and a dose 
amount of 5x10'cmi on the opposite side which had been 
doped with S. Subsequently to the ion implantation, activa 
tion annealing was performed at 800° C. for 30 min, thereby 
providing then layer34 with a concentration of 1x10'cm 
within a depth of 200 nm from the Si surface. 
As shown in FIG. 32F, an Aglayer with a thickness of 30 

nm was formed with an evaporation method on the side which 
had been doped with S, thereby forming the Aglayer 35. 

In addition, as shown in FIG. 33A, after a resist solution 
was applied on the Aglayer 35 formed on the rear surface of 
the p-type Sisingle-crystal substrate 30 by spin coating for 30 
sec at 2000 rpm, the applied resist was heated at 110°C. for 90 
Sec on a hot plate to evaporate the solvent. The resist Solution 
was obtained by diluting a resist36 (THMRIP3250, TOKYO 
OHKAKOGYO Co., Ltd.) with ethyllactate (EL) by 1:2. The 
film thickness of the resist 36 was 150 nm. 
As shown in FIG.33B, imprint was conducted as follows. 

A quartz stamper 37 was pressed to the resist 36 at a pressure 
of 10 MPa with heating the p-type Sisingle crystal substrate 
30 at 120° C. so that the surface of the quartz stamper 37 
having convex shapes was in contact with the resist 36. The 
quartz stamper 37 was provided with the convex shapes of 
which size and height were 150 nm and 100 nm, respectively 
(the shapes are formed in an area of 9 cm). 

In addition, as shown in FIG.33C, after the imprinting, the 
p-type Sisingle-crystal substrate 30 was cooled downto room 
temperature and then the quartz stamper 37 was released. The 
imprinting provided concave shapes with a size of 150 nm and 
a depth of 80 nm on the resist 36. 
As shown in FIG. 33D, the resist pattern on which the 

concave patterns had been formed was etched for 30 secunder 
conditions of 30 sccm. CF4, 10 mTorr pressure, and 100 W RF 
power. After the CF4 RIE, the bottom of the resist 36 was 
exposed to expose the Aglayer 35. 
As shown in FIG.33E, the Aglayer 35 was etched for 90 

sec by ion milling under conditions of an acceleration Voltage 
of 500V and an ion current of 40 mA to form the nano-mesh 
electrode 38. The ion milling provided dot metals 52 on the 
p-type Silayer 30. The dot metals formed a dot-pattern with 
a size of 150 nm. In addition, residues of the resist 36 were 
removed with an organic solvent. 
As shown in FIG. 34A, after a solution of the resist 39 

(THMRIP3250, TOKYO OHKA KOGYO Co., Ltd.) was 
applied on the dot metals 52 and the P Silayer 1 by spin 
coating for 30 sec at 2000 rpm, the applied resist was heated 
at 110° C. for 90 sec to evaporate the solvent. The film 
thickness of the resist 39 was 1 um. The resist 39 was pat 
terned in a lattice shape with a photolithography method 
using a lattice-shaped mask with a width of 100 um and an 
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interval of 1 mm. The lattice shape had a width of 100 um and 
an interval of 1 mm. The patterning exposed the portion 
which had not been doped with S. 

In addition, as shown in FIG. 34B, the dot metals 52 were 
etched for 80 sec by ion milling under conditions of an accel 
eration voltage of 500V and anion current of 40 mA using the 
resist pattern as a mask, thereby removing the dot metals 52. 
Then, residues of the resist 39 were removed. Consequently, 
the dot metals 52 except on the long-wavelength absorption 
layer 33 were removed. 
As shown in FIG. 34C, the back electrode 40 was formed 

with a liftoff method on the portion without the dot metals 52. 
Finally, as shown in FIG. 34D, the comb electrode 41 (the 

metal layer) was formed on the n' layer 34 with a screen 
printing method using Ag paste including an epoxy-based 
thermosetting resin, thereby completing the Siphotoelectric 
conversion element having the long-wavelength absorption 
layer 33 and the dot metals 52. 
(Characteristic of the Solar Cell) 
The photoelectric conversion element manufactured as 

described above was irradiated with a pseudo-sunlight of AM 
1.5 and was evaluated for the photoelectric conversion effi 
ciency at room temperature. As a result, the photoelectric 
conversion efficiency of the Si single-crystal photoelectric 
conversion element having the S-doped long-wavelength 
absorption layer 33 and the dot metals 52 of the example 8 
showed an excellent value of 11%. On the other hand, a 
background-art Si single-crystal photoelectric conversion 
element showed a photoelectric conversion efficiency of 
10.0% without the S-doped long-wavelength absorption layer 
33 or the dot metals 52. 

In addition, when a background-art Si single-crystal pho 
toelectric conversion element was evaluated for the spectral 
sensitivity characteristic, light was absorbed in a range of up 
to about 1100 nm. However, the Sisingle-crystal photoelec 
tric conversion element having the S-doped long-wavelength 
absorption layer 33 and the dot metals 52 had a light-absorp 
tion spectrum also in the range of 1100 nm to 1500 nm, 
although the absorption intensity thereof is not so high. 
The results revealed that the S-doped long-wavelength 

absorption layer 33 and the dot metals 52 allowed the photo 
electric conversion efficiency to increase in along wavelength 
region of light as a result of the light absorption in the long 
wavelength region of light. 

Example 9 

Single-Crystal Si, Se, Au, Dot Metals 

A manufacturing method of a photoelectric conversion 
element in accordance with an example 9 will be described 
with reference to FIGS. 35A to 37D. FIGS. 35A to 37D are 
sectional views showing the manufacturing method of the 
photoelectric conversion element in accordance with the 
example 9. 
As shown in FIG. 35A, as a substrate was prepared the 

p-type Sisingle-crystal substrate 30 having a thickness of 500 
um and a doping concentration of 1x10' cm. Thermal 
oxidation of the surface of the p-type Sisingle-crystal sub 
strate 30 formed the SiO, film 31 with a thickness of 150 nm. 
As shown in FIG.35B, after a solution of the resist (THMR 

IP3250, TOKYO OHKA KOGYO Co., Ltd.) was applied on 
the SiO, film 31 for 30 sec at 2000 rpm by spin coating, the 
applied resist was heated on a hot plate at 110°C. for 90 sec 
to evaporate the solvent. The film thickness of the resist was 
1 um. The resist was patterned in a lattice shape with a 
photolithography method using a lattice-shaped mask with a 
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width of 100 um and an interval of 1 mm. The lattice shape 
had a width of 100 um and an interval of 1 mm. Using the 
resist as a mask, the SiO film 31 was etched for 10 minunder 
conditions of 30-sccm CF4, 10 mTorr pressure, and 100W RF 
power. Subsequently to the CF4 RIE, residues of the resist 
were removed with an organic solvent to form a lattice 
shaped SiO, mask32 with a width of 100 um and an interval 
of 1 mm. 

Furthermore, as shown in FIG. 35C, Se ions were 
implanted under conditions of an implantation energy of 20 
keV and a dose amount of 1x10" cm using the SiO, mask 
32 as a mask. 
As shown in FIG. 35D, after the SiO, mask 32 was 

removed with hydrofluoric acid, activation annealing was 
performed at 1000° C. for 30 min to form the long-wave 
length absorption layer 33. In the long-wavelength absorption 
layer 33, a concentration of 1x10'cmi was obtained within 
a depth of 100 nm from the Si surface. 
As shown in FIG. 35E, P ions were implanted under con 

ditions of an implantation energy of 20 keV and a dose 
amount of 5x10'cmi on the opposite side which had been 
doped with Se. Subsequently to the ion implantation, activa 
tion annealing was performed at 800° C. for 30 min, thereby 
providing then layer34 with a concentration of 1x10'cm 
within a depth of 200 nm from the Si surface. 
As shown in FIG. 35F, an Aulayer with a thickness of 30 

nm was formed with an evaporation method on the side which 
had been doped with Se, thereby forming the Aulayer 50. 

In addition, as shown in FIG. 36A, after a resist solution 
obtained by diluting a resist 36 (THMR IP3250, TOKYO 
OHKA KOGYO Co., Ltd.) with ethyl lactate (EL) by 1:2 was 
applied on the Aulayer 50 formed on the rear surface of the 
p-type Sisingle-crystal substrate 30 by spin coating for 30sec 
at 2000 rpm, the applied resist was heated at 110°C. for 90 sec 
on a hot plate to evaporate the solvent. The film thickness of 
the resist 36 was 150 nm. 
As shown in FIG. 36B, imprint was conducted as follows. 

A quartz stamper 37 was pressed to the resist 36 at a pressure 
of 10 MPa with heating the p-type Sisingle crystal substrate 
30 at 120° C. so that the surface of the quartz stamper 37 
having convex shapes was in contact with the resist 36. The 
quartz stamper 37 was provided with the convex shapes of 
which size and height were 200 nm and 100 nm, respectively 
(the shapes are formed in an area of 9 cm). 

In addition, as shown in FIG. 36C, after the imprinting, the 
p-type Sisingle-crystal substrate 30 was cooled downto room 
temperature and then the quartz stamper 37 was released. The 
imprinting provided concave shapes with a size of 200 nm and 
a depth of 80 nm on the resist 36. 
As shown in FIG. 36D, the resist pattern on which the 

concave patterns had been formed was etched for 30 secunder 
conditions of 30 sccm. CF4, 10 mTorr pressure, and 100 W RF 
power. After the CF4 RIE, the bottom of the resist 36 was 
exposed to expose the Aulayer 50. 
As shown in FIG. 36E, the Aulayer 50 was etched for 90 

sec by ion milling under conditions of an acceleration Voltage 
of 500V and an ion current of 40 mA to form the nano-mesh 
electrode 38. The ion milling provided dot metals 52 on the 
p-type Silayer 30. The dot metals formed a dot-pattern with 
a size of 200 nm. In addition, residues of the resist 36 were 
removed with an organic solvent. 
As shown in FIG. 37A, after a solution of the resist 39 

(THMRIP3250, TOKYO OHKA KOGYO Co., Ltd.) was 
applied on the dot metals 52 and the p-type Silayer 30 by spin 
coating for 30 sec at 2000 rpm, the applied resist was heated 
at 110° C. for 90 sec to evaporate the solvent. The film 
thickness of the resist 39 was 1 um. The resist 39 was pat 
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terned in a lattice shape with a photolithography method 
using a lattice-shaped mask with a width of 100 um and an 
interval of 1 mm. The lattice shape had a width of 100 um and 
an interval of 1 mm. The patterning exposed the portion 
which had not been doped with Se. 

In addition, as shown in FIG. 37B, the dot metals 52 were 
etched for 80 sec by ion milling under conditions of an accel 
eration voltage of 500V and anion current of 40 mA using the 
resist pattern as a mask, thereby removing the dot metals 52. 
Then, residues of the resist 39 were removed. Consequently, 
the dot metals 52 except on the long-wavelength absorption 
layer 33 were removed. 
As shown in FIG. 37C, the back electrode 40 was formed 

with a liftoff method on the portion without the dot metals 52. 
Finally, as shown in FIG. 37D, the comb electrode 41 (the 

metal layer) was formed on the n layer 34 with a screen 
printing method using Ag paste including an epoxy-based 
thermosetting resin, thereby completing the Siphotoelectric 
conversion element having the long-wavelength absorption 
layer 33 and the dot metals 52. 
(Characteristic of Solar Cell) 
The photoelectric conversion element manufactured as 

described above was irradiated with a pseudo-sunlight of AM 
1.5 and was evaluated for the photoelectric conversion effi 
ciency at room temperature. As a result, the photoelectric 
conversion efficiency of the Si single-crystal photoelectric 
conversion element having the Se-doped long-wavelength 
absorption layer 33 and the dot metals 52 of the example 9 
showed an excellent value of 11.2%. 
On the other hand, a background-art Sisingle-crystal pho 

toelectric conversion element showed a photoelectric conver 
sion efficiency of 10.0% without the Se-doped long-wave 
length absorption layer 33 or the dot metals 52. 

In addition, when a background-art Si single-crystal pho 
toelectric conversion element was evaluated for the spectral 
sensitivity characteristic, light was absorbed in a range of up 
to about 1100 nm. However, the Sisingle-crystal photoelec 
tric conversion element having the Se-doped long-wave 
length absorption layer 33 and the dot metals 52 had a light 
absorption spectrum also in the range of 1100 nm to 1500 nm, 
although the absorption intensity thereof is not so high. 
The results revealed that the Se-doped long-wavelength 

absorption layer 33 and the dot metals 52 allowed the photo 
electric conversion efficiency to increase in along wavelength 
region of light as a result of the light absorption in the long 
wavelength region of light. 

Example 10 

Single-Crystal Si, in, Cu, Dot Metals 

A manufacturing method of a photoelectric conversion 
element in accordance with an example 10 will be described 
with reference to FIGS. 38A to 40D. FIGS. 38A to 40D are 
sectional views showing manufacturing steps of the photo 
electric conversion element in accordance with the example 
10. 
As shown in FIG. 38A, as a substrate was prepared the 

p-type Sisingle-crystal substrate 30 having a thickness of 500 
um and a doping concentration of 1x10' cm. Thermal 
oxidation of the surface of the p-type Sisingle-crystal sub 
strate 30 formed the SiO, film 31 with a thickness of 150 nm. 
As shown in FIG.38B, after a solution of the resist (THMR 

IP3250, TOKYO OHKA KOGYO Co., Ltd.) was applied on 
the SiO film 31 for 30 sec at 2000 rpm by spin coating, the 
applied resist was heated on a hot plate at 110°C. for 90 sec 
to evaporate the solvent. The film thickness of the resist was 
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1 um. The resist was patterned in a lattice shape with a 
photolithography method using a lattice-shaped mask with a 
width of 100 um and an interval of 1 mm. The lattice shape 
had a width of 100 um and an interval of 1 mm. Using the 
resist as a mask, the SiO film 31 was etched for 10 minunder 
conditions of 30-sccm CF4, 10 mTorr pressure, and 100W RF 
power. Subsequently to the CF4 RIE, residues of the resist 
were removed with an organic solvent to form a lattice 
shaped SiO, mask32 with a width of 100 um and an interval 
of 1 mm. 

Furthermore, as shown in FIG. 38C, In ions were 
implanted under conditions of an implantation energy of 20 
keV and a dose amount of 1x10" cm using the SiO, mask 
32 as a mask. 
As shown in FIG. 38D, after the SiO, mask 32 was 

removed with hydrofluoric acid, activation annealing was 
performed at 1000° C. for 30 min to form the long-wave 
length absorption layer 33. In the long-wavelength absorption 
layer 33, a concentration of 1x10'cmi was obtained within 
a depth of 100 nm from the Si surface. 
As shown in FIG. 38E. Pions were implanted under con 

ditions of an implantation energy of 20 keV and a dose 
amount of 5x10'cmi on the opposite side which had been 
doped with In. Subsequently to the ion implantation, activa 
tion annealing was performed at 800° C. for 30 min, thereby 
providing then layer34 with a concentration of 1x10 cm 
within a depth of 200 nm from the Si surface. 
As shown in FIG.38F, a Culayer with a thickness of 30 mm 

was formed with an evaporation method on the side which 
had been doped with In, thereby forming the Cu layer 51. 

In addition, as shown in FIG. 39A, after a resist solution 
was applied on the Cu layer 51 formed on the rear surface of 
the p-type Sisingle-crystal substrate 30 by spin coating for 30 
sec at 2000 rpm, the applied resist was heated at 110°C. for 90 
Sec on a hot plate to evaporate the solvent. The resist Solution 
was obtained by diluting a resist36 (THMRIP3250, TOKYO 
OHKAKOGYO Co., Ltd.) with ethyllactate (EL) by 1:2. The 
film thickness of the resist 36 was 150 nm. 
As shown in FIG. 39B, imprint was conducted as follows. 

A quartz stamper 37 was pressed to the resist 36 at a pressure 
of 10 MPa with heating the p-type Sisingle crystal substrate 
30 at 120° C. so that the surface of the quartz stamper 37 
having convex shapes was in contact with the resist 36. The 
quartz stamper 37 was provided with the convex shapes of 
which size and height are 100 nm and 100 nm, respectively 
(the shapes are formed in an area of 9 cm). 

In addition, as shown in FIG. 39C, after the imprinting, the 
p-type Sisingle-crystal substrate 30 was cooled downto room 
temperature and then the quartz stamper 37 was released. The 
imprinting provided concave shapes with a size of 100 nm and 
a depth of 80 nm on the resist 36. 
As shown in FIG. 39D, the resist pattern on which the 

concave patterns had been formed was etched for 30 secunder 
conditions of 30 sccmCF 10 mTorr pressure, and 100 W RF 
power. After the CF4 RIE, the bottom of the resist 36 was 
exposed to expose the Cu layer 51. 
As shown in FIG. 39E, the Cu layer 51 was etched for 90 

sec by ion milling under conditions of an acceleration Voltage 
of 500V and an ion current of 40 mA to form dot metals 52. 
The ion milling provided the dot metals 52 on the p-type Si 
layer 30. The dot metals formed a dot-pattern with a size of 
200 nm. In addition, residues of the resist 36 were removed 
with an organic solvent. 
As shown in FIG. 40A, after a solution of the resist 39 

(THMRIP3250, TOKYO OHKA KOGYO Co., Ltd.) was 
applied on the dot metals 52 and the p-type Silayer 30 by spin 
coating for 30 sec at 2000 rpm, the applied resist was heated 
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at 110° C. for 90 sec to evaporate the solvent. The film 
thickness of the resist 39 was 1 um. The resist 39 was pat 
terned in a lattice shape with a photolithography method 
using a lattice-shaped mask with a width of 100 um and an 
interval of 1 mm. The lattice shape had a width of 100 um and 
an interval of 1 mm. The patterning exposed the portion 
which had not been doped with In. 

In addition, as shown in FIG. 40B, the dot metals 52 were 
etched for 80 sec by ion milling under conditions of an accel 
eration voltage of 500V and anion current of 40 mA using the 
resist pattern as a mask, thereby removing the dot metals 52. 
Then, residues of the resist 39 were removed. Consequently, 
the dot metals 52 except on the long-wavelength absorption 
layer 33 were removed. 
As shown in FIG. 40C, the back electrode 40 was formed 

with a liftoff method on the portion without the dot metals 52. 
Finally, as shown in FIG. 40D, the comb electrode 41 (the 

first metal layer) was formed on then layer 34 with a screen 
printing method using Ag paste including an epoxy-based 
thermosetting resin, thereby completing the Siphotoelectric 
conversion element having the long-wavelength absorption 
layer 33 and the dot metals 52. 
(Characteristic of Solar Cell) 
The photoelectric conversion element manufactured as 

described above was irradiated with a pseudo-sunlight of AM 
1.5 and was evaluated for the photoelectric conversion effi 
ciency at room temperature. As a result, the photoelectric 
conversion efficiency of the Si single-crystal photoelectric 
conversion element having the In-doped long-wavelength 
absorption layer 33 and the dot metals 52 of the example 10 
embodiment showed an excellent value of 11.2%. 
On the other hand, a background-art Sisingle-crystal pho 

toelectric conversion element showed a photoelectric conver 
sion efficiency of 10.0% without the In-doped long-wave 
length absorption layer 33 or the dot metals 52. 

In addition, when a background-art Si single-crystal pho 
toelectric conversion element was evaluated for the spectral 
sensitivity characteristic, light was absorbed in a range of up 
to about 1100 nm. However, the Sisingle-crystal photoelec 
tric conversion element having the In-doped long-wavelength 
absorption layer 33 and the dot metals 52 had a light-absorp 
tion spectrum also in the range of 1100 nm to 1500 nm, 
although the absorption intensity thereof is not so high. 
The results revealed that the In-doped long-wavelength 

absorption layer 33 and the dot metals 52 allowed the photo 
electric conversion efficiency to increase in along wavelength 
region of light as a result of the light absorption in the long 
wavelength region of light. 

Example 11 

Polycrystal Si, S, Ag, Nano-Mesh Electrode 

A manufacturing method of a photoelectric conversion 
element in accordance with an example 11 will be described 
with reference to FIGS. 41A to 43D. FIGS. 41A to 43D are 
sectional views showing manufacturing steps of the photo 
electric conversion element in accordance with the example 
11. 
As shown in FIG. 41A, as a substrate was prepared the 

p-type Sisingle-crystal substrate 30 having a thickness of 400 
um and a doping concentration of 1x10'7 cm. Thermal 
oxidation of the surface of the p-type Sipolycrystal substrate 
53 formed the SiO, film 31 with a thickness of 150 nm. 
As shown in FIG. 41B, after a solution of the resist (THMR 

IP3250, TOKYO OHKA KOGYO Co., Ltd.) was applied on 
the SiO film 31 for 30 sec at 2000 rpm by spin coating, the 
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applied resist was heated on a hot plate at 110°C. for 90 sec 
to evaporate the solvent. The film thickness of the resist was 
1 um. The resist was with a photolithography method using a 
lattice-shaped mask with a width of 100 um and an interval of 
1 mm. The lattice shape had a width of 100 um and an interval 
of 1 mm. Using the resist as a mask, the SiO film 31 was 
etched for 10 minunderconditions of 30-sccm. CF4, 10 mTorr 
pressure, and 100 W RF power. Subsequently to the CF4 RIE, 
residues of the resist were removed with an organic solvent to 
form a lattice-shaped SiO, mask 32 with a width of 100 um 
and an interval of 1 mm. 

Furthermore, as shown in FIG. 41C, Sions were implanted 
under conditions of an implantation energy of 20 keV and a 
dose amount of 1x10" cm' using the SiO, mask 32 as a 
mask. 
As shown in FIG. 41D, after the SiO, mask 32 was 

removed with hydrofluoric acid, activation annealing was 
performed at 1000° C. for 30 min to form the long-wave 
length absorption layer 33. In the long-wavelength absorption 
layer 33, a concentration of 1x10'cmi was obtained within 
a depth of 100 nm from the Si surface. 
As shown in FIG. 41E, P ions were implanted under con 

ditions of an implantation energy of 20 keV and a dose 
amount of 5x10" cm on the opposite side which had been 
doped with In. Subsequently to the ion implantation, activa 
tion annealing was performed at 800° C. for 30 min, thereby 
providing then layer34 with a concentration of 1x10'cm 
within a depth of 200 nm from the Si surface. 
As shown in FIG. 41F, an Aglayer with a thickness of 30 

nm was formed with an evaporation method on the side which 
had been doped with S, thereby forming the Aglayer 35. 

In addition, as shown in FIG. 42A, after a resist solution 
was applied on the Aglayer 35 formed on the rear surface of 
the p-type Sisingle-crystal substrate 53 by spin coating for 30 
sec at 2000 rpm, the applied resist was heated at 110°C. for 90 
Sec on a hot plate to evaporate the solvent. The resist Solution 
was obtained by diluting a resist36 (THMRIP3250, TOKYO 
OHKAKOGYO Co., Ltd.) with ethyllactate (EL) by 1:2. The 
film thickness of the resist 36 was 150 nm. 
As shown in FIG. 42B, imprint was conducted as follows. 

A quartz stamper 37 was pressed to the resist 36 at a pressure 
of 10 MPa with heating the p-type Sisingle crystal substrate 
30 at 120° C. so that the surface of the quartz stamper 37 
having convex shapes was in contact with the resist 36. The 
quartz stamper 37 was provided with the convex shapes of 
which pitch, size, and height were 200 nm, 100 nm, and 150 
nm, respectively (the shapes are formed in an area of 9 cm). 

In addition, as shown in FIG. 42C, after the imprinting, the 
p-type Si polycrystal substrate 53 was cooled down to room 
temperature and then the quartz stamper 37 was released. The 
imprinting provided concave shapes with a pitch of 200 nm, a 
size of 100 nm, and a depth of 100 nm on the resist 36. 
As shown in FIG. 42D, the resist pattern on which the 

concave patterns had been formed was etched for 30 secunder 
conditions of 30 sccm. CF4, 10 mTorr pressure, and 100 W RF 
power. After the CF4 RIE, the bottom of the resist 36 was 
exposed to expose the Aglayer 35. 
As shown in FIG. 42E, the Aglayer 35 was etched for 80 

sec by ion milling under conditions of an acceleration Voltage 
of 500V and an ion current of 40 mA to form nano-mesh 
electrode 38 on the p-type Silayer 53. The Aglayer 35 was 
processed by the ion milling to be the nano-mesh electrode 38 
having openings (through holes) with a pitch of 200 nm and a 
size of 100 nm. In addition, residues of the resist 36 were 
removed with an organic solvent. 
As shown in FIG. 43A, after a solution of the resist 39 

(THMRIP3250, TOKYO OHKA KOGYO Co., Ltd.) was 
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applied on the nano-mesh electrode 38 and the p-type Silayer 
53 by spin coating for 30 sec at 2000 rpm, the applied resist 
was heated at 110°C. for 90 sec to evaporate the solvent. The 
film thickness of the resist 39 was 1 Lum. The resist 39 was 
patterned in a lattice shape with a photolithography method 
using a lattice-shaped mask with a width of 100 um and an 
interval of 1 mm. The lattice shape has a width of 100 um and 
an interval of 1 mm. The patterning exposed the portion 
which had not been doped with S. 

In addition, as shown in FIG. 43B, the nano-mesh metal 
electrode 38 was etched for 80 sec by ion milling under 
conditions of an acceleration voltage of 500V and an ion 
current of 40 mA using the resist pattern as a mask, thereby 
removing the nano-mesh metal electrode 38. Then, residues 
of the resist 39 were removed. Consequently, the nano-mesh 
metal electrode 38 except on the long-wavelength absorption 
layer 33 was removed. 
As shown in FIG. 43C, the back electrode 40 was formed 

on the portion without the nano-mesh electrode 38 using a 
liftoff method. 

Finally, as shown in FIG. 43D, the comb electrode 41 (the 
first metal layer) was formed on then layer 34 with a screen 
printing method using Ag paste including an epoxy-based 
thermosetting resin, thereby completing the Siphotoelectric 
conversion element having the long-wavelength absorption 
layer 33 and the nano-mesh electrode 38. 
(Characteristic of Solar Cell) 
The photoelectric conversion element manufactured as 

described above was irradiated with a pseudo-sunlight of AM 
1.5 and was evaluated for the photoelectric conversion effi 
ciency at room temperature. As a result, the photoelectric 
conversion efficiency of the Si single-crystal photoelectric 
conversion element having the S-doped long-wavelength 
absorption layer 33 and the dot metals 52 of the example 11 
embodiment showed an excellent value of 10.5%. 
On the other hand, a background-art Sisingle-crystal pho 

toelectric conversion element showed a photoelectric conver 
sion efficiency of 10.0% without the S-doped long-wave 
length absorption layer 33 or the dot metals 52. 

In addition, when a background-art Si polycrystal photo 
electric conversion element was evaluated for the spectral 
sensitivity characteristic, light was absorbed in a range of up 
to about 1100 nm. However, the Sipolycrystal photoelectric 
conversion element having the S-doped long-wavelength 
absorption layer 33 and the dot metals 52 had a light-absorp 
tion spectrum also in the range of 1100 nm to 1500 nm, 
although the absorption intensity thereof is not so high. 
The results revealed that the In-doped long-wavelength 

absorption layer 33 and the nano-mesh electrode 38 allowed 
the photoelectric conversion efficiency to increase in a long 
wavelength region of light as a result of the light absorption in 
the long wavelength region of light. 

Example 12 

Polycrystal Si, S, Ag, Dot Metals 

A manufacturing method of a photoelectric conversion 
element in accordance with an example 12 will be described 
with reference to FIGS. 44A to 46D. FIGS. 44A to 46D are 
sectional views showing manufacturing steps of the photo 
electric conversion element in accordance with the example 
12. 
As shown in FIG. 44A, as a substrate was prepared the 

p-type Si polycrystal substrate 53 having a thickness of 500 
nm and a doping concentration of 1x10'7 cm. Thermal 
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oxidation of the surface of the p-type Sipolycrystal substrate 
53 provided the SiO, film 31 with a thickness of 150 nm. 
As shown in FIG. 44B, after a solution of the resist (THMR 

IP3250, TOKYO OHKA KOGYO Co., Ltd.) was applied on 
the SiO film 31 by spin coating for 30 sec at 2000 rpm, the 
applied resist was heated on a hot plate at 110°C. for 90 sec 
to evaporate the solvent. The film thickness of the resist was 
1 um. The resist was patterned in a lattice shape with a 
photolithography method using a lattice-shaped mask with a 
width of 100 um and an interval of 1 mm. The lattice shape has 
a width of 100 um and an interval of 1 mm. Using the resistas 
a mask, the SiO film 31 was etched for 10 min under condi 
tions of 30-sccm. CF4, 10 mTorr pressure, and 100 W RF 
power. Subsequently to the CF4 RIE, residues of the resist 
were removed with an organic solvent to form a lattice 
shaped SiO, mask32 with a width of 100 um and an interval 
of 1 mm. 

Furthermore, as shown in FIG. 44C, Sions were implanted 
under conditions of an implantation energy of 20 keV and a 
dose amount of 1x10" cm using the SiO, mask 32 as a 
mask. 
As shown in FIG. 44D, after the SiO, mask 32 was 

removed with hydrofluoric acid, activation annealing was 
performed at 1000° C. for 30 min to form the long-wave 
length absorption layer 33. In the long-wavelength absorption 
layer 33, a concentration of 1x10'cmi was obtained within 
a depth of 100 nm from the Si surface. 
As shown in FIG. 44E. Pions were implanted under con 

ditions of an implantation energy of 20 keV and a dose 
amount of 5x10'cmi on the opposite side which had been 
doped with S. Subsequently to the ion implantation, activa 
tion annealing was performed at 800° C. for 30 min, thereby 
providing then layer34 with a concentration of 1x10 cm 
within a depth of 200 nm from the Si surface. 
As shown in FIG. 44F, an Aglayer with a thickness of 30 

nm was formed with an evaporation method on the side which 
had been doped with S, thereby forming the Aglayer 35. 

In addition, as shown in FIG. 45A, after a resist solution 
was applied on the Aglayer 35 formed on the rear surface of 
the p-type Sisingle-crystal substrate 30 by spin coating for 30 
sec at 2000 rpm, the applied resist was heated at 110°C. for 90 
Sec on a hot plate to evaporate the solvent. The resist Solution 
was obtained by diluting a resist36 (THMRIP3250, TOKYO 
OHKAKOGYO Co., Ltd.) with ethyllactate (EL) by 1:2. The 
film thickness of the resist 36 was 150 nm. 
As shown in FIG. 45B, imprint was conducted as follows. 

A quartz stamper 37 was pressed to the resist 36 at a pressure 
of 10 MPa with heating the p-type Sisingle crystal substrate 
30 at 120° C. so that the surface of the quartz stamper 37 
having convex shapes was in contact with the resist 36. The 
quartz stamper 37 is provided with the convex shapes of 
which size and height were 100 nm and 150 nm, respectively 
(the shapes are formed in an area of 9 cm). 

In addition, as shown in FIG. 45C, after the imprinting, the 
p-type Si polycrystal substrate 53 was cooled down to room 
temperature and then the quartz stamper 37 was released. The 
imprinting provided concave shapes with a size of 150 nm and 
a depth of 80 nm on the resist 36. 
As shown in FIG. 45D, the resist pattern on which the 

concave patterns had been formed was etched for 30 secunder 
conditions of 30 sccm. CF4, 10 mTorr pressure, and 100 W RF 
power. After the CF4 RIE, the bottom of the resist 36 was 
exposed to expose the Aglayer 35. 
As shown in FIG. 45E, the Aglayer 35 was etched for 80 

sec by ion milling under conditions of an acceleration Voltage 
of 500V and anion current of 40 mA to form dot metals 52 on 
the p-type Silayer 53. The Aglayer 35 was processed by the 
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ion milling to be the dot metals 52 having a size of 150 nm. In 
addition, residues of the resist 36 were removed with an 
organic solvent. 
As shown in FIG. 46A, after a solution of the resist 39 

(THMRIP3250, TOKYO OHKA KOGYO Co., Ltd.) was 
applied on the dot metals 52 and the p-type Silayer 53 by spin 
coating for 30 sec at 2000 rpm, the applied resist was heated 
at 110° C. for 90 sec to evaporate the solvent. The film 
thickness of the resist 39 was 1 um. The resist 39 was pat 
terned in a lattice shape with a photolithography method 
using a lattice-shaped mask with a width of 100 um and an 
interval of 1 mm. The lattice shape had a width of 100 um and 
an interval of 1 mm. The patterning exposed the portion 
which had not been doped with S. 

In addition, as shown in FIG. 46B, the dot metals 52 were 
etched for 80 sec by ion milling under conditions of an accel 
eration voltage of 500V and anion current of 40 mA using the 
resist pattern as a mask, thereby removing the dot metals 52. 
Then, residues of the resist 39 were removed. Consequently, 
the dot metals 52 except on the long-wavelength absorption 
layer 33 were removed. 
As shown in FIG. 46C, the back electrode 40 was formed 

on the portion without the dot metals 38 using a liftoff 
method. 

Finally, as shown in FIG. 46D, the comb electrode 41 (the 
first metal layer) was formed on then layer 34 with a screen 
printing method using Ag paste including an epoxy-based 
thermosetting resin, thereby completing the Siphotoelectric 
conversion element having the long-wavelength absorption 
layer 33 and the dot metals 52. 
(Characteristic of Solar Cell) 
The photoelectric conversion element manufactured as 

described above was irradiated with a pseudo-sunlight of AM 
1.5 and was evaluated for the photoelectric conversion effi 
ciency at room temperature. As a result, the photoelectric 
conversion efficiency of the Sipolycrystal photoelectric con 
version element having the S-doped long-wavelength absorp 
tion layer33 and the dot metals 52 of the example 12 embodi 
ment showed an excellent value of 9.5%. 
On the other hand, a background-art Si polycrystal photo 

electric conversion element showed a photoelectric conver 
sion efficiency of 8.0% without the S-doped long-wavelength 
absorption layer 33 or the dot metals 52. 

In addition, when the background-art Si polycrystal pho 
toelectric conversion element was evaluated for the spectral 
sensitivity characteristic, light was absorbed in a range of up 
to about 1100 nm. However, the Sipolycrystal photoelectric 
conversion element having the S-doped long-wavelength 
absorption layer 33 and the dot metals 52 had a light-absorp 
tion spectrum also in the range of 1100 nm to 1500 nm, 
although the absorption intensity thereof is not so high. 
The results revealed that the In-doped long-wavelength 

absorption layer 33 and the dot metals 52 allowed the photo 
electric conversion efficiency to increase in along wavelength 
region of light as a result of the light absorption in the long 
wavelength region of light. 
A photoelectric conversion element in accordance with at 

least one of the above-described embodiments employs a 
metal nano structure on a photoelectric conversion layer of 
the photoelectric conversion element to which impurity levels 
are introduced within a band gap of the photoelectric conver 
sion layer by doping the photoelectric conversion layer with 
an impurity. Such a photoelectric conversion element can 
provide high conversion efficiency. 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

38 
Example 13 

Single Crystal Si, S. P. Ag., Nano-Mesh Electrode 

As an example 13, a Si photoelectric conversion element 
was manufactured in the same way as in FIG. 14C of the 
example 1, except that S and P ions were implanted under 
conditions of an implantation energy of 20 keV and a dose 
amount of 1x10" cm using the SiO, mask.32 as a mask. 
(Characteristic of Solar Cell) 
The photoelectric conversion element manufactured as 

described above was irradiated with a pseudo-sunlight of AM 
1.5 and was evaluated for the photoelectric conversion effi 
ciency at room temperature. As a result, the photoelectric 
conversion efficiency of the Si single-crystal photoelectric 
conversion element having the S and P-doped long-wave 
length absorption layer 33 and the nano-mesh electrode 38 
showed an excellent value of 13.5%. 
On the other hand, a background-art Sisingle-crystal pho 

toelectric conversion element showed a photoelectric conver 
sion efficiency of 10.0% without the S-doped long-wave 
length absorption layer 33 or the nano-mesh electrode 38 as 
described in the example 1. 
When the background-art Si single-crystal photoelectric 

conversion element was evaluated for the spectral sensitivity 
characteristic, light was absorbed in a range of up to about 
1100 nm. However, the Sisingle-crystal photoelectric con 
version element having the S and P-doped long-wavelength 
absorption layer 33 and the nano-mesh electrode 38 showed 
higher absorption than when the long-wavelength absorption 
layer was doped with S only. In addition, the Sisingle-crystal 
photoelectric conversion element having the S and P-doped 
long-wavelength absorption layer33 and the nano-mesh elec 
trode 38 showed a light-absorption spectrum also in the range 
of 1100 nm to 1500 nm. 
The results revealed that the S and P-doped long-wave 

length absorption layer 33 and the nano-mesh electrode 38 
allowed the photoelectric conversion efficiency to increase in 
a long wavelength region of light as a result of the light 
absorption in the long wavelength region of light. 

Example 14 

Single Crystal Si, S. O. P. Cu, Nano-Mesh 
Electrode 

As an example 14, a Si photoelectric conversion element 
was manufactured in the same way as in FIG. 20O of the 
example3, except that S.O., and Pions were implanted under 
conditions of an implantation energy of 20 keV and a dose 
amount of 1x10" cm using the SiO, mask.32 as a mask. 
(Characteristic of Solar Cell) 
The photoelectric conversion element manufactured as 

described above was irradiated with a pseudo-sunlight of AM 
1.5 and was evaluated for the photoelectric conversion effi 
ciency at room temperature. As a result, the photoelectric 
conversion efficiency of the Si single-crystal photoelectric 
conversion element having the S.O., and P-doped long-wave 
length absorption layer 33 and the nano-mesh electrode 38 
showed an excellent value of 14%. 
On the other hand, a background-art Sisingle-crystal pho 

toelectric conversion element showed a photoelectric conver 
sion efficiency of 10.0% without the S-doped long-wave 
length absorption layer 33 or the nano-mesh electrode 38 as 
described in the example 3. 
When the background-art Si single-crystal photoelectric 

conversion element was evaluated for the spectral sensitivity 
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characteristic, light was absorbed in a range of up to about 
1100 nm. However, the Sisingle-crystal photoelectric con 
version element having the S. O and P-doped long-wave 
length absorption layer 33 and the nano-mesh electrode 38 
showed higher absorption than when the long-wavelength 
absorption layer was doped with Sand O only. In addition, the 
Sisingle-crystal photoelectric conversion element having the 
S, O and P-doped long-wavelength absorption layer 33 and 
the nano-mesh electrode 38 showed a light-absorption spec 
trum also in the range of 1100 nm to 1500 nm. S and O can 
form an absorption pair S. O. The absorption pair provided 
a higher absorption amount than S only. 
The results revealed that the S.O., and P-doped long-wave 

length absorption layer 33 and the nano-mesh electrode 38 
allowed the photoelectric conversion efficiency to increase in 
a long wavelength region of light as a result of the light 
absorption in the long wavelength region of light. 

Example 15 

Single Crystal Si, Mg, Ga., P. Cu, Nano-Mesh 
Electrode 

As an example 15, a Si photoelectric conversion element 
was manufactured in the same way as in FIG. 29C of the 
example 6, except that Mg, Ga., and Pions were implanted 
under conditions of an implantation energy of 20 keV and a 
dose amount of 1x10" cm using the SiO, mask 32 as a 
mask. 
(Characteristic of Solar Cell) 
The photoelectric conversion element manufactured as 

described above was irradiated with a pseudo-sunlight of AM 
1.5 and was evaluated for the photoelectric conversion effi 
ciency at room temperature. As a result, the photoelectric 
conversion efficiency of the Si single-crystal photoelectric 
conversion element having the Mg, Ga, and P-doped long 
wavelength absorption layer 33 and the nano-mesh electrode 
38 showed an excellent value of 13%. 
On the other hand, a background-art Sisingle-crystal pho 

toelectric conversion element showed a photoelectric conver 
sion efficiency of 10.0% without the Mg, Ga, and P-doped 
long-wavelength absorption layer 33 or the nano-mesh elec 
trode 38 as described in the example 6. 
When the background-art Si single-crystal photoelectric 

conversion element was evaluated for the spectral sensitivity 
characteristic, light was absorbed in a range of up to about 
1100 nm. However, the Sisingle-crystal photoelectric con 
version element having the Mg, Ga and P-doped long-wave 
length absorption layer 33 and the nano-mesh electrode 38 
showed higher absorption than when the long-wavelength 
absorption layer was doped with Mg and Ga only. In addition, 
the Sisingle-crystal photoelectric conversion element having 
the Mg, Ga and P-doped long-wavelength absorption layer 33 
and the nano-mesh electrode 38 showed a light-absorption 
spectrum also in the range of 1100 nm to 1400 nm. 
The results revealed that the Mg, Ga, and P-doped long 

wavelength absorption layer 33 and the nano-mesh electrode 
38 allowed the photoelectric conversion efficiency to increase 
in a long wavelength region of light as a result of the light 
absorption in the long wavelength region of light. Further 
more, Mg and Ga have levels near the conduction band and 
the valence band, respectively. The absorption due to elec 
tronic transition produced an absorption band in the long 
wavelength region of light. 
As described above, a single impurity level provides little 

absorption bands in the long wavelength region of light. How 
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ever, two or more impurity levels can clearly provide absorp 
tion bands in the long wavelength region of light. 

Example 16 

Single Crystal Si, Se, P. Au, Dot Metals 

As an example 16, a Si photoelectric conversion element 
was manufactured in the same way as in FIG. 35C of the 
example 9, except that Se and Pions were implanted under 
conditions of an implantation energy of 20 keV and a dose 
amount of 1x10'cmi using the SiO, mask.32 as a mask. 
(Characteristic of Solar Cell) 
The photoelectric conversion element manufactured as 

described above was irradiated with a pseudo-sunlight of AM 
1.5 and was evaluated for the photoelectric conversion effi 
ciency at room temperature. As a result, the photoelectric 
conversion efficiency of the Si single-crystal photoelectric 
conversion element having the Se and P-doped long-wave 
length absorption layer 33 and the dot metals 52 showed an 
excellent value of 13%. 
On the other hand, a background-art Sisingle-crystal pho 

toelectric conversion element showed a photoelectric conver 
sion efficiency of 10.0% without the Se and P-doped long 
wavelength absorption layer 33 or the dot metals 52 as 
described in the example 9. 
When the background-art Si single-crystal photoelectric 

conversion element was evaluated for the spectral sensitivity 
characteristic, light was absorbed in a range of up to about 
1100 nm. However, the Sisingle-crystal photoelectric con 
version element having the Se and P-doped long-wavelength 
absorption layer 33 and the nano-mesh electrode 38 showed 
higher absorption than when the long-wavelength absorption 
layer was doped with Se only. In addition, the Si single 
crystal photoelectric conversion element having the Mg, Ga 
and P-doped long-wavelength absorption layer 33 and the dot 
metals 52 showed a light-absorption spectrum also in the 
range of 1100 nm to 1400 nm. 
The results revealed that the Se and P-doped long-wave 

length absorption layer 33 and the nano-mesh electrode 38 
allowed the photoelectric conversion efficiency to increase in 
a long wavelength region of light as a result of the light 
absorption in the long wavelength region of light. 

Example 17 

Polycrystal Si, S. P. Ag., Nano-Mesh Electrode 

As an example 17, a Si photoelectric conversion element 
was manufactured in the same way as in FIG. 41C of the 
example 11, except that S ions were implanted under condi 
tions of an implantation energy of 20 keV and a dose amount 
of 1x10" cm using the SiO, mask.32 as a mask. 
(Characteristic of Solar Cell) 
The photoelectric conversion element manufactured as 

described above was irradiated with a pseudo-sunlight of AM 
1.5 and was evaluated for the photoelectric conversion effi 
ciency at room temperature. As a result, the photoelectric 
conversion efficiency of the Si single-crystal photoelectric 
conversion element having the S and P-doped long-wave 
length absorption layer 33 and the nano-mesh electrode 38 
showed an excellent value of 12%. 
On the other hand, a background-art Sipolycrystal photo 

electric conversion element showed a photoelectric conver 
sion efficiency of 8.0% without the S and P-doped long 
wavelength absorption layer 33 or the nano-mesh electrode 
38 as described in the example 11. 
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When the background-art Sipolycrystal photoelectric con 
version element was evaluated for the spectral sensitivity 
characteristic, light was absorbed in a range of up to about 
1100 nm. However, the Si polycrystal photoelectric conver 
sion element having the S and P-doped long-wavelength 
absorption layer 33 and the nano-mesh electrode 38 showed 
higher absorption than when the long-wavelength absorption 
layer was doped with S only. In addition, the Si polycrystal 
photoelectric conversion element having the S and P-doped 
long-wavelength absorption layer 33 and the nano-mesh elec 
trode 38 showed a light-absorption spectrum in the range of 
1100 nm to 1400 nm. 
The results revealed that the S and P-doped long-wave 

length absorption layer 33 and the nano-mesh electrode 38 
allowed the photoelectric conversion efficiency to increase in 
a long wavelength region of light as a result of the light 
absorption in the long wavelength region of light. 

While certain embodiments have been described, those 
embodiments have been presented by way of example only, 
and are not intended to limit the scope of the inventions. 
Indeed, the novel embodiments described herein may be 
embodied in a variety of other forms; furthermore, various 
omissions, Substitutions and changes in the form of the 
embodiments described herein may be made without depart 
ing from the spirit of the inventions. The accompanying 
claims and their equivalents are intended to cover Such forms 
or modifications as would fall within the scope and spirit of 
the inventions. 
What is claimed is: 
1. A photoelectric conversion element comprising: 
a semiconductor layer having a p-type semiconductor layer 

and an n-type semiconductor layer to form a pn-junc 
tion; 

a long-wavelength absorption layer partially provided in 
the p-type semiconductor layer within a depth of 5 nm. 
from a Surface of the p-type semiconductor layer, the 
long-wavelength absorption layer containing an impu 
rity different from impurities for p-type doping and 
n-type doping of the semiconductor layer and absorbing 
light having a wavelength longer than light absorbed 
into the semiconductor layer, the light entering from a 
side of the n-type semiconductor layer; and 

a metal layer provided to contact the long-wavelength 
absorption layer, the metal layer being a nano-mesh 
metal having a plurality of through holes or a dot metal 
having a plurality of metal dots arranged separately from 
each other. 

2. The element according to claim 1, wherein 
the long-wavelength absorption layer containing the impu 

rity has a polar character opposite to the polar character 
of the semiconductor layer to form a pn-junction. 

3. The element according to claim 1, wherein 
the nano-mesh metal has a thickness of not less than 2 nm. 

and not more than 200 nm and has the through holes, 
each of which has a mean opening area of not less than 
80 nm and not more than 0.8 um. 

4. The element according to claim 1, wherein 
the metal dots have a mean volume of not less than 4 nm 

and not more than 0.52 m, and have a mean interval of 
1 nm or more when the mean volume is less than 4x10 
um, or have a mean interval of not less than 100 nm and 
not more than 1 um when the mean Volume is not less 
than 4x10 um. 
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5. The element according to claim 1, wherein 
the metal layer comprises at least one element selected 

from the group consisting of Al, Ag, Au, Cu, Pt, Ni, Co., 
Crand Ti. 

6. The element according to claim 1, wherein 
the long-wavelength absorption layer comprises at least 

one element selected from the group consisting of S, In, 
Se, Be, Cu, Li, Tl, Zn, Cd, O, Ga, Al and Mg. 

7. The element according to claim 1, wherein 
the long-wavelength absorption layer has an impurity con 

centration of not less than 10 cm and not more than 
10 cm and a thickness of not less than 10 nm and not 
more than 1000 nm. 

8. The element according to claim 1, wherein 
the semiconductor layer includes a single-crystalline sili 

con, a polycrystalline silicon, or an amorphous silicon. 
9. The element according to claim 1, wherein 
the semiconductor layer includes a compound semicon 

ductor. 
10. The element according to claim 1, wherein 
the semiconductor layer comprises GaAs, CdTe. or SiC. 
11. The element according to claim 10, wherein 
a concentration of the p-type dopant in a central p-type 

doping of the semiconductor layer is 1x10' cm. 
12. The element according to claim 1, wherein 
the semiconductor layer comprises an n-type doping 

region adjacent to a first metal layer and a central p-type 
doping region. 

13. The element according to claim 1, wherein 
the metal layer comprises a nano-mesh aluminum having a 

thickness of from 2 nm to 200 nm and including a plu 
rality of through-holes. 

14. The element according to claim 1, wherein 
an area of a through-hole opening is from 80 nm to 0.8 

2 
Lum. 

15. The element according to claim 1, wherein 
a concentration of the S in the long-wavelength absorption 

layer is 1x10 cm. 
16. The element according to claim 1, wherein 
the semiconductor layer comprises single crystal Si, 
the metal layer is nano-mesh Ag, and 
the long-wavelength absorption layer comprises S. 
17. The element according to claim 1, wherein 
the semiconductor layer comprises single crystal Si, 
the metal layer is nano-mesh Cu, and 
the long-wavelength absorption layer comprises S and O. 
18. The element according to claim 1, wherein 
the semiconductor layer comprises single crystal Si, 
the metal layer is nano-mesh Ag, and 
the long-wavelength absorption layer comprises Se. 
19. The element according to claim 1, wherein 
the semiconductor layer comprises single crystal Si, 
the metal layer is nano-mesh Au, and 
the long-wavelength absorption layer comprises S. 
20. The element according to claim 1, wherein 
the semiconductor layer comprises single crystal Si, 
the metal layer is nano-mesh Au, and 
the long-wavelength absorption layer comprises In. 
21. The element according to claim 1, wherein 
the long-wavelength absorption layer partially provided in 

the p-type semiconductor layer within the depth of 5 nm. 
from the Surface of the p-type semiconductor layer. 
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